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Polymer electrolyte membranes (PEMs) hold potential to improve performance in fuel 
cells, electrochemical devices that can generate electricity efficiently. In particular, direct 
methanol fuel cells (DMFCs) are promising for powering portable electronic devices, 
however their performance diminishes significantly because of high methanol crossover 
(flux) in Nafion (the most frequently used PEM) at the desired stoichiometric methanol 
feed concentration. Hydrogen fuel cells are attractive alternative power sources for 
transportation; however, their performance degrades at the desired temperatures because 
Nafion dehydrates, reducing proton conductivity, which is a strong function of water 
equilibrium content and water dynamics. Therefore, understanding sorption and diffusion 
of methanol and water in Nafion is critical.  
 
In this work, the diffusion and sorption of methanol and water in Nafion were measured 
using time-resolved Fourier transform infrared – attenuated total reflectance (FTIR-ATR) 
spectroscopy. This technique is unique because of its ability to measure multicomponent 
diffusion and sorption within a polymer on a molecular level in real time as function of 
concentration. Both the effective mutual diffusion coefficients and concentrations of 
methanol and water in Nafion were determined with time-resolved FTIR-ATR 
spectroscopy as a function of methanol concentration and water activity.  
 xx 
Methanol crossover (flux) was explicitly shown to increase with increasing methanol 
concentration. More importantly, the increase was found to be more strongly dependent 
on methanol sorption rather than methanol diffusion. Therefore, an effective PEM for the 
DMFC must be chemically incompatible with methanol or minimize swelling by 
methanol while maintaining sufficient proton conductivity. To this end, crosslinked 
sulfonated block copolymers that minimized methanol swelling were investigated and 
found to have decreased methanol flux and similar conductivity as compared to Nafion. 
 
Critical assessment of water transport in Nafion identified vapor-phase mass transfer 
resistance, explaining some of the variation in diffusion coefficients reported in literature. 
Also, two non-Fickian regimes were identified and modeled, where a diffusion-reaction 
model accounted for hydrolysis in dry conditions and diffusion and polymer relaxation 
were measured simultaneously in wet conditions and subsequently modeled. 
Furthermore, multiple states of water were identified and their effect on proton 
conductivity determined. The results from this study provide new insights into the 
fundamental transport mechanisms in PEMs for the advancement of fuel cell technology.
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Chapter 1. Introduction 
 
 
 
 
1.1. Fuel Cells 
Fuel cells are generally categorized by electrolyte type and include solid oxide fuel cells 
(SOFCs), molten carbonate fuel cells (MCFCs), phosphoric acid fuel cells (PAFCs), 
alkaline fuel cells (AFCs), and polymer electrolyte membrane fuel cells (PEMFCs). 
SOFCs and MCFCs operate at high temperatures (~1000°C) and are used for stationary 
power. PAFCs operate around 200°C, are simple, and are commercially available for 
stationary applications. However, start-up is difficult because the electrolyte freezes at 
42°C and leaching of the liquid electrolyte occurs over time. AFCs are the most efficient 
fuel cells but require either extremely pure fuel or higher temperature. Finally, PEMFCs 
are the focus of this work. With a solid electrolyte and low operating temperatures they 
are ideal for portable power, ranging from cars to laptops and cell phones.1,2 
  
A PEMFC, shown in Figure 1.1, consists of a polymer electrolyte membrane (PEM) in 
the center with a catalyst layer on each side. Outside each catalyst layer is a gas diffusion 
layer that evenly disperses the fuel and oxygen to the catalyst. Finally, there are current 
collecting plates sandwiching the entire assembly together. A fuel, usually hydrogen or 
methanol is fed to the anode, where it reacts on the catalyst particles forming protons and 
electrons. Protons are conducted through the PEM while electrons are conducted out 
through an external circuit powering an electrical device, such as a motor or a laptop. The 
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protons and electrons combine with oxygen, usually from air, at the cathode catalyst 
forming water. 
 
 
Figure 1.1. Schematic of a PEMFC. 
 
 
For a direct methanol fuel cell (DMFC) the anode reaction, cathode reaction, and 
complete reaction are as follows, respectively: 
 (1.1) 
 (1.2) 
€ 
CH3OH + 3 2O2→CO2 + 2H2O (1.3) 
 3 
For a hydrogen fuel cell the oxidation reaction at the anode, reduction reaction at the 
cathode and whole cell reaction are as follows, respectively: 
 (1.4) 
 (1.5) 
 (1.6) 
 
Research in direct methanol fuel cells, DMFCs, has grown exponentially during the past 
15 years3, probably due, in part, to their potential to achieve 10 times higher power 
density than lithium ion batteries4. DMFCs operate at low temperatures and, with a 
renewable liquid fuel, are ideal candidates for portable electronics. In a DMFC, the PEM 
serves as an electrolyte, transporting protons from the anode to the cathode, and as a cell 
separator or electron insulator. Current DMFCs, with only ~20-25% overall efficiency, 
have higher power densities than current lithium-ion rechargeable batteries.2 However, 
there are several key factors that limit the DMFC from reaching its maximum theoretical 
efficiency (100%). High methanol flux (also referred to as methanol crossover) in the 
PEM is one key factor that contributes to low overall cell power, efficiency, and 
lifetime.5-7 When methanol permeates across the membrane, both half reactions occur at 
the cathode causing a loss of fuel and a mixed potential.  
 
Researchers report that the maximum DMFC performance is achieved at methanol feed 
concentrations of ~1-2 M (4-8 vol%).7,8 Interestingly, the stoichiometry of the anode half-
cell reaction is equimolar between methanol and water, which corresponds to ~18 M (69 
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vol%) methanol. However, several investigators have observed that there is a significant 
reduction in DMFC voltage when the methanol concentration in the anode feed is 
increased from low (2 M) to equimolar concentrations.5-8 If a better PEM could be 
developed that is less permeable to methanol with high ion conductivity, then DMFC 
efficiency and power output would be improved.  
 
One of the first applications of the hydrogen PEM fuel cell was onboard NASA’s Gemini 
space craft in the 1960s.2,9 Today, the hydrogen PEM fuel cell has generated a great deal 
of interest for large market applications, such as transportation,10 where numerous fuel 
cell buses and cars have been manufactured and demonstrated since the 1990s.11 
Hydrogen PEM fuel cells offer an innovative alternative to standard internal combustion 
engines. High power densities, clean emissions (water), low-temperature operation, rapid 
start-up and shut-down times, and the ability to use fuels from renewable sources are 
several reasons why fuel cells have attracted attention for large market applications, such 
as transportation.10  
 
In the hydrogen fuel cell, a solid polymer (PEM) serves as the electrolyte, conducting 
protons from the anode to the cathode, but is also the key component that contributes to 
significant power losses at high temperatures (>80°C). Future fuel cells will use low-
grade (inexpensive) hydrogen gas, which contain impurities (e.g., carbon monoxide) that 
poison precious metal anode catalysts (e.g., platinum) at low temperatures (<120°C) and 
reduce the overall fuel cell efficiency and power output.12 In addition to mitigating 
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catalyst poisoning, there are a number of other advantages to operating the PEM fuel cell 
at higher temperatures and lower humidities, such as increasing catalytic activity, 
reducing cathode flooding, and eliminating the need for external humidification 
equipment. Optimal fuel cell conditions for current PEMs (e.g., Nafion) are ~80°C and 
~100%RH. At higher temperatures, current PEMs dehydrate, reducing proton 
conductivity and overall cell potential.13 Several investigators have proposed that future 
hydrogen PEM fuel cells will have to operate at conditions above 120°C and below 40% 
relative humidity to truly be considered in the commercial marketplace.10 Furthermore, 
fuel cell performance is directly linked to water balance (production, diffusion, and 
removal) in the system and, specifically, water content in the membrane (sorption and 
desorption kinetics). Fuel cell operating conditions, with events such as higher 
temperatures, start-up, and shut-down, also can have a significant impact on the water 
balance in the system, and in turn the overall fuel cell performance. Therefore, a 
fundamental understanding of water dynamics in PEMs is desirable. 
 
1.2. Nafion 
Nafion is the most frequently used polymer membrane in both DMFCs and hydrogen 
PEM fuel cells, because it exhibits sufficient proton conductivity at optimal water 
contents and is mechanically, thermally, chemically, and oxidatively stable. Nafion is a 
perfluorosulfonated polymer first developed by DuPont in the late 1960s for the chlor-
alkali industry and has been widely studied,14 particularly as a polymer electrolyte 
membrane (PEM) for fuel cells. The chemistry of Nafion is shown in Figure 1.2. It 
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consists of a completely fluorinated carbon backbone with perfluoroether side chains that 
terminate in a sulfonic acid site. Molecular weight of Nafion is difficult to measure 
because of strong association that occurs between ionic sites. Gel permeation 
chromatography and light scattering techniques both require that the polymer be 
dissolved. Nafion is known to disperse as a colloid rather than dissolve, precluding the 
possibility of measuring an accurate molecular weight, although slightly greater than 105 
g/mol has been measured with size exclusion chromatography at elevated temperatures, 
which in Figure 1.2 corresponds to m slightly greater than 100.14 In addition, the values 
of n and z in Figure 1.2 are not well controlled nor characterized, though they are 
generally accepted to be ~7 and ~1, respectively.15 The ion exchange capacity (IEC) of 
Nafion is well characterized. For Nafion 117 (1100 equivalent weight (EW) and 7 mils 
(178 µm)), 1100 EW corresponds to an IEC of 0.91 mmol(SO3H)/g(dry polymer). Also, 
the dry density is reported 1.98 g/mL. So the concentration of acid in dry Nafion 117 is 
1.8 mol/L. Most investigators report the concentration of small molecules in polymer 
electrolytes as a mole fraction normalized to the sulfonic acid number. For example, 
water content, λ, is reported in mol(H2O)/mol(SO3H). Among chemically similar 
polymer electrolytes, the water uptake tends to scale with IEC. In other words for a given 
polymer, water uptake will increase with acid loading, but uptake isotherms will collapse 
onto one curve when expressed as λ.16 Therefore, λ (a normalized water uptake) is a 
better measure of water gain when comparing polymers of different ion contents. 
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Figure 1.2. Chemical structure of Nafion.15,17 
 
 
Equilibrium water sorption in Nafion has been extensively studied; isotherms from 
literature are shown in Figure 1.3 as a function of water vapor activity.16,18-29 All data sets 
shown in Figure 1.3 were generated by weighing the PEM at room temperature and at a 
range of water vapor activities. The ordinate values are calculated by converting the 
weight uptake (dry basis:  g(H2O)/g(dry polymer)) to λ (mol(H2O)/mol(SO3H)). This is 
achieved by dividing the weight uptake by the molecular weight of water (18 
g(H2O)/mol(H2O)) and multiplying by EW. The strong acid of Nafion makes it 
hygroscopic at low water activity. There is only modest increase of water content at 
moderate water activity and the water sorption of Nafion increases dramatically at high 
water activity. The solid line in Figure 1.3 is a third-order polynomial fit to all data with 
the y-intercept fixed to zero.  
       (1.7) 
where m1 = 20.875 ± 2.3312, m2 = -50.13 ± 7.0039, and m3 = 44.494  ± 5.0149. The R2 
value is 0.88869. This fit compares well with that of Springer et al., also a third-order 
polynomial fit.30 There is large error in the third order polynomial, which introduces large 
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error into all calculation based upon it. For this reason, all λ values used subsequently in 
this work were interpolated from literature data close to the water activity of interest. In 
other words, the third order polynomial function was not used in this work. 
 
In early Nafion literature, Schroeder’s paradox was discussed as the dichotomy between 
Nafion water sorption in liquid (λ = 22) and in vapor conditions (λ = 14).31 It has since 
been shown that eventually the water content of Nafion equilibrated with water vapor 
will reach the same value as Nafion equilibrated with liquid water.32 The time frame is on 
the order of weeks to months according to Onishi, Newman, and Prausnitz.32 The 
extremely slow dynamics near activity 1 (as compared to other conditions) may explain 
the larger scatter in this part of Figure 1.3.  
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Figure 1.3. Room temperature isotherms from pressure decay (; this work) and 
literature (18, 19, 20, 21, 22, 23, 18, 24, 25, 26, 27, 28, 29) displaying 
Nafion water content, λ (mol(H2O)/mol(SO3H)), versus water activity. Solid line is a 
third-order polynomial fit to all the data. 
 
 
In PEM fuel cells, Nafion serves as an electrolyte, transporting protons from the anode to 
the cathode, and as a cell separator or electron insulator. Proton conductivity in Nafion is 
important for fuel cell performance and is highly dependent on water content. Figure 1.4 
shows Nafion proton conductivity versus λ. Nafion possesses high proton conductivity 
when well hydrated, on the order of 10-1 S/cm, but decreases to unusable levels in dry 
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conditions, on the order of 10-3 S/cm.23,33 The repercussions of low proton conductivity in 
dry conditions are that fuel cell power output decreases. 
 
10-5
10-4
10-3
10-2
10-1
0 5 10 15 20 25
Pr
ot
on
 c
on
du
ct
iv
ity
 (S
/c
m
)
λ (mol(H
2
O)/mol(SO
3
))
 
Figure 1.4. Proton conductivity versus membrane water content, λ, from this work () 
and literature (34, 35, 36, 37, 38, 39, 40, 41, 42, 43). Solid line is a linear 
regression to all data. 
 
 
Proton conductivity in Nafion is not only a function of water content, but also of 
morphology.44 Although numerous research groups have developed differing 
morphological models for Nafion based on X-ray scattering data,29,45-51 there is a 
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consensus that Nafion possesses a co-continuous phase-segregated morphology. The two 
phases are referred to as ion-rich (hydrophilic) and ion-poor (hydrophobic) regions, 
where electrostatic interactions between ion pairs result in interconnected ionic domains 
phase segregated from the surrounding ion poor regions. Numerous publications have 
confirmed that water and ions diffuse in these hydrophilic ionic regions in Nafion and 
proposed that diffusion scales according to percolation theory; power law dependence on 
the volume fraction of the ionic domains or water content in the polymer (Figure 1.5).52 
So the loss of proton conductivity with decreasing water content can be explained by the 
morphology of the ionic domains. While there remain unanswered questions, this 
conceptual model will be used as the basis for discussing the FTIR-ATR data as it relates 
to Nafion morphology. 
 
 
Figure 1.5. Conceptual morphological model. Adapted from Weber and Newman.53 
 
 
For both DMFCs and hydrogen PEMFCs, understanding sorption and diffusion of 
methanol and water in Nafion is desirable. Identifying the important mechanism of 
methanol crossover would direct the development of the next generation of PEMs. In 
addition, a fundamental understanding of the water transport mechanisms is desirable to 
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aid in the development of PEMs that are highly conductivity at high temperature, low 
humidity conditions. 
 
1.3. Transport in Polymer Membranes 
While natural polymers have been used since ancient times, e.g., rubber from the rubber 
tree, the concept of large, covalently bonded molecules was not introduced until 1920 by 
Staudinger.54 Poly-mer from the Greek means many-parts.55 The parts are termed 
monomers and are referred to chemically as the small molecule that reacts to form a 
polymer, such as ethylene, to form polyethylene. 
€ 
n CH2 = CH2( )→ −CH2 −CH2 −( )n  (1.8) 
One of the most important properties of a polymer is the molecular weight, which can be 
denoted by the number of repeat units, n. The dramatic effect of n is shown in Table 1.1, 
where the state of a linear hydrocarbon at room temperature changes from a gas to a 
liquid to a solid as the number of repeat units increases.56  
 
Table 1.1. Effect of molecular weight on linear hydrocarbons. Adapted from Sperling.56 
n State at room temperature Example 
1-4 Gas Propane 
5-10 Liquid Gasoline 
16-25 Viscous liquid Motor oil 
25-50 Soft solid Paraffin wax 
1000-5000 Tough plastic solid Polyethylene bottles 
3-6 x 105 Fibers Kevlar® vest 
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This work focuses on membranes made of high molecular weight polymers (n > 1000). 
Membranes from the Latin (skin, parchment) are defined as a “thin soft pliable sheet or 
layer…”.55 The term membrane is used for living cell barriers that reject unwanted 
moieties, that allow beneficial moieties to pass, and that actively transport important ionic 
species. Whether the original motivation was biomimetic or not, polymer membranes 
have developed in all three areas:  barrier applications, separations, and electrolytes. 
Common barriers include packaging for foods, water barriers for shelter and clothing, and 
protective coating for implantable electronic devices. Polymer membranes for separations 
originally were used for gas separation and are now used also for water purification and 
dialysis. Polymer membranes as electrolytes hold potential to improve performance and 
durability in the fields of fuel cells, batteries, and sensors.57 
 
The ability of polymer membranes to block small molecules, to selectively allow some 
small molecules to pass, or to actively transport charged molecules is directly related to 
the flux of small molecules through polymers. Therefore, understanding the factors 
affecting flux of small molecules in polymers is essential to improving barrier properties, 
separation efficiency, and power output.  
 
Moreover, this research focuses on amorphous (non-crystalline) polymers of high 
molecular weight. Although some polymers can crystallize, it is standard to consider 
crystalline regions of polymers as impermeable to small molecules. So transport in 
polymers occurs almost exclusively through the amorphous regions. In addition, the 
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polymers that will be examined have low degrees of crystallinity. Amorphous polymers 
in the solid state are either glassy or rubbery. A glassy polymer tends to be brittle and 
hard while a rubbery polymer is soft and deformable. There is a characteristic 
temperature for a given polymer at which it changes from glassy to rubbery, and this is 
referred to as the glass transition temperature, Tg. Tg is defined as the temperature above 
which large, coordinated polymer motion becomes possible.56 
 
Amorphous polymers are randomly packed together, like a bowl of cooked spaghetti. 
Rheology, the study of flow, is applicable to both amorphous polymers and small 
molecule liquids. Marcus Reiner, who inspired Eugene Bingham (a Lafayette College 
professor) to coin the term rheology, introduced the dimensionless Deborah number, 
named after the Bible character in Judges who sang “The mountains melted from before 
the Lord…”58.59 The Deborah number is a ratio of the characteristic time of a material 
(relaxation time) to the characteristic time of the experiment. 
€ 
Deb = tmte
 (1.9) 
where tm refers to the relaxation time of the material and te refers to the characteristic 
time of the experiment. When Deb > 1 the material appears as a solid and when Deb < 1 
the material seems like a liquid. For instance, tapping on a pane of glass (order 1 s) 
registers it as a solid, but the thickness of a hundred year old pane of glass (order 107 s) is 
thinner at the top than at the bottom because it has flowed. In addition, there is a 
temperature at which glass begins to flow like a liquid from the traditional human 
perspective, which is the origin of the term glass transition temperature. Unlike small 
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molecule liquids that have a freezing (crystallization) temperature, purely amorphous 
polymers only have a glass transition temperature and remain randomly packed in the 
glassy state.  
 
Rubbery polymer chains (molecules) are quite mobile and can quickly adapt to changing 
conditions. This means they impose less resistance to a small molecule that is permeating 
through a polymer membrane. For this reason, small molecule transport (diffusion) 
through rubbery polymers usually follows the same laws as transport of one small 
molecule through another small molecule, namely Fick’s laws of diffusion.60 Fick’s first 
law is a simple constitutive equation relating flux (J) to a concentration gradient:  
€ 
J = −D∇C  (1.10) 
where D is the effective mutual diffusion coefficient of the small molecule in the 
polymer. Incorporating Fick’s law into the conservation of mass results in Fick’s second 
law: 
€ 
∂C
∂t = D∇
2C  (1.11) 
where D is assumed constant. This can be simplified for diffusion in a plane sheet 
membrane in one dimension: 
€ 
∂C
∂t =D
∂2C
∂z2  (1.12) 
where C is concentration of the diffusant, t is time, z is distance, and D is the “effective” 
concentration-averaged diffusion coefficient. This boundary value problem has been 
solved for a number of different initial and boundary conditions.61  
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In a gravimetric sorption experiment, the membrane is initially free of diffusant. At time 
zero a constant concentration is imposed on both sides of the membrane (z = +l and –l), 
where there is a plane of symmetry in the middle of the membrane (z = 0). With these 
initial and boundary conditions, equation 1.12 can be solved and the solution integrated 
over the thickness of the membrane to yield a solution for mass versus time.62 
  
€ 
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The mass is normalized to the equilibrium mass of the membrane fully saturated with 
diffusant. Early time mass uptake scales linearly with t1/2 and can be approximated 
simply as:61 
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 (1.14) 
Both the complete transport solution (equation 1.13; solid line) and the early time 
approximation (equation 1.14; dashed line) for gravimetric sorption are shown in Figure 
1.6 as a function of dimensionless time, Dt/l2. The mass taken up by the membrane is 
most rapid at initial time, owing to the large concentration gradient. As the system 
approaches equilibrium, the concentration gradient decreases and diffusion slows until it 
reaches the equilibrium mass. 
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Figure 1.6. Transport solutions for two traditional transport experiments. 
 
 
Another common technique used to measure small molecule flux through a polymer 
membrane is permeation. Figure 1.7 shows a schematic of such an experiment, where a 
concentration (or pressure in the case of gases) is imposed on side 1 and the change in 
concentration with time is measured on side 2. Analogous to Henry’s law for gases, the 
solubility of a liquid in a polymer membrane is commonly referred to as the partition 
coefficient, K, which is simply a ratio of concentration in the membrane, CM, to the 
concentration in the bulk, CB. 
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€ 
K = CMCB
 (1.15) 
The partition coefficient can be greater than 1, as shown in Figure 1.7, which is often the 
case for vapors, or it can be less than 1, frequently seen with liquids. The permeability 
coefficient (P) is, by definition, a product of the partition coefficient (K) and the mutual 
diffusion coefficient (D). The diffusion coefficient controls the steepness of the 
concentration gradient within the membrane, where a faster diffusion coefficient will 
result in a flatter concentration gradient in the membrane, effectively increasing the 
concentration in the membrane on side 2, which increases the permeation (flux).  
 
 
Figure 1.7. Schematic of permeation through a polymer membrane. Adapted from 
Comyn.63 
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The initial concentration in the membrane is zero and the concentration on side 1 is 
constant. When the concentration on side 2 is much less than the concentration on side 1, 
equation 1.12 can be solved:63 
  
€ 
V2C2 t( )
AKC1
=
Dt
2
−
1
6 −
1
π 2
−1( )n
n2 exp
−Dn2π 2t
2
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 
 
n=1
∞
∑  (1.16) 
where V2 is the volume of side 2, Ci is the concentration of side i, A is the exposed 
surface area of the membrane, and l is the thickness of the membrane. Essentially, the 
left side of equation 1.16 is a dimensionless measure of the number of small molecules 
permeating across the membrane. At late time, the summation becomes negligible 
resulting in a linear relation with dimensionless time (Dt/l2): 
  
€ 
V2C2 t( )
AKC1
≈
Dt
2
−
1
6  (1.17) 
Both the full solution (equation 1.16; solid line) and the late time approximation 
(equation 1.17; dashed line) are shown in Figure 1.6. At early time no diffusant is 
detected for a certain breakthrough time, which constitutes the time for the first small 
molecules to diffuse through the membrane. In Figure 1.6, the breakthrough time in the 
permeation solution is similar to the time for which the early time diffusion solution 
holds for gravimetric sorption, corresponding to a dilute diffusion regime. The late time 
permeation solution only holds once steady state diffusion has commenced, which closely 
corresponds to the gravimetric sorption solution reaching equilibrium. In other words, 
non-steady diffusion is completing and the concentration gradient through the membrane 
has achieved a linear profile. Although the solutions for gravimetric sorption and 
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permeation shown in Figure 1.6 have different boundary conditions, the correlation 
between the two experiments for dilute diffusion ending and for steady state being 
reached is interesting. 
  
It is standard to report a permeability coefficient from permeation experiments: 
  
€ 
d
dt
V2C2(t)
AC1
= P  (1.18) 
which can be found by rearranging the permeation approximation (equation 1.17) 
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  (1.19) 
and finding the slope of the line. The permeability coefficient is a constant. Therefore, if 
the area, A, is increased or the concentration on side 1, C1, is increased then the 
concentration on side 2, C2(t), will change more quickly with time (i.e. a higher flux). 
Conversely, if the membrane thickness, l, is increased then the concentration on side 2, 
C2(t), will change more slowly with time. In other words, a thin polymer, like a balloon, 
has a higher rate of permeation and deflates quickly in comparison with a very thick 
polymer, like a car tire.  
 
Clearly, it is not only the properties of the polymer that affect permeation, but rather the 
mutual properties between the small molecule permeant and the polymer. The solubility 
between the permeant and the polymer determines the concentration (amount) of the 
permeating species in the polymer membrane. The diffusion coefficient is a measure of 
the rate at which those molecules diffuse within the polymer. So the more molecules in 
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the polymer and the higher the diffusion coefficient the greater the permeability. 
Diffusion can be correlated with the molecular volume of the permeating species. This is 
part of the reason that a helium balloon deflates more rapidly than an air filled balloon. 
Helium is a smaller atom than nitrogen.64 This is also the reason that tires filled with 
nitrogen hold pressure longer than those filled simply with air.65 Nitrogen is a larger 
molecule than oxygen (the other major component of air).66 
 
Gas separations was an early commercial application of polymer membranes in the 
1970s.67 For gas separations, permeation involves (at least) two gas diffusants. In order 
for two gases to be separated, one gas must have high flux through the membrane, while 
the other must have low flux through the membrane. It is common to calculate selectivity, 
the ratio of the permeability of the desired component, P1, to the permeability of the 
undesired component, P2.  
€ 
S = P1P2
 (1.20) 
A good separation membrane will be one with high selectivity and high permeability of 
the desired component. Robeson has shown that the solubility of most gases in polymers 
is so low that the permeability is controlled almost exclusively by the diffusion 
coefficient. This results in an empirical upper bound when selectivity is plotted versus 
permeability of the desired component. In other words, as the permeability of the desired 
gas is increased the selectivity decreases and vice versa.67 
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For liquid systems, such as dialysis, the influence of solubility becomes significant. 
Applications involving polymer electrolyte membranes (PEMs) are often in the liquid 
state. In addition, ionic species must be considered when examining transport through 
PEMs. To this end it is best to first examine some fundamentals of polymers.  
 
It is an oversimplification to relate the mutual diffusion coefficient of a small molecule in 
a polymer to only the small molecule size. Vrentas and Duda68 adapted the free volume 
theory of Cohen and Turnbull69 to diffusion in polymers.70 In other words, the mutual 
free volume between a small molecule and a polymer should be considered. 
 
Free volume theory posits that small molecule diffusion is limited not by an activation 
barrier but by rearrangement of free volume. The critical volume of a small molecule is 
simply its molecular volume, while the critical volume of a polymer is a smaller unit, i.e. 
not the entire molecule. Whenever the free volume rearranges to form a hole next to a 
small molecule at least as large as the critical volume, the small molecule will diffuse. 
The diffusion coefficient is related to the probability of finding such a hole and can be 
expressed as an exponential dependence of the ratio of the critical volume, V*, to the free 
volume of the system, Vf: 
€ 
D = Aexp γV * V f( )  (1.21) 
where γ is a factor between 0.5 and 1.0 to account for free volume overlap and A is a pre-
exponential constant. The difficulty of free volume theory lies in relating free volume of 
a diffusant-polymer system to a measurable experimental quantity. It was proposed that 
 23 
the occupied volume of a molecule is its volume at absolute zero, shown in Figure 1.8. In 
addition to the challenge of measuring molecular volume at absolute zero, there may be 
free volume that cannot by freely redistributed; termed interstitial free volume, this 
volume of the system does not contribute to diffusion. Hole free volume was coined as 
the free volume available for rearrangement and therefore diffusion. Vrentas and Duda71 
adopted the idea of Berry and Fox72 to relate hole free volume to the volume of the pure 
components.  
 
These ideas are diagrammed in Figure 1.8, in which the polymer volume is shown 
schematically as a function of temperature.70 Above the glass transition temperature the 
experimentally measured equilibrium rubbery volume is simply a sum of the occupied 
volume, the interstitial volume, and the hole free volume. As a rubbery polymer is cooled 
the molecules translate and vibrate less, which allows them to pack more efficiently, thus 
decreasing both the total volume and the hole free volume. But at the glass transition 
temperature the mobility of the polymer chains becomes so low that they can no longer 
quickly rearrange to improve the packing. At this point a nearly constant amount of free 
volume is locked in and can be thought of as a frozen bowl of cooked spaghetti. There 
remains nonequilibrium, extra hole free volume in the glassy state. 
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Figure 1.8. Diagram of polymer volume versus temperature to illustrate how free volume 
is related to total polymer volume. Adapted from Duda and Zielinski.70 
 
 
Over the years modifications and refinements have been made to the original theory. For 
example, an activation energy for overcoming attractive interactions with nearest 
neighbors was added to the diffusion coefficient expression. For many systems, the 
modifications were not necessary, and the Vrentas and Duda free volume theory can 
predict the diffusion coefficient of small molecules in rubbery polymers. In order to do 
so, the chemical structures, viscosities, densities, critical volumes, Flory-Huggins 
interaction parameter, and polymer glass transition must be known.70 
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Ionic interactions in Nafion preclude using several of the traditional polymer 
characterization techniques to analyze the pure component properties, so that the critical 
volume and Flory-Huggins interaction parameter are not well defined. In addition, there 
remains debate regarding the glass transition temperature of Nafion, owing not only to 
the fact that it has two second order transitions (α and β) but also to the β transition 
increasing 100°C when the counter-ion is changed from protons to large, organic 
cations.73,74 It is proposed that the α transition corresponds to the ionic clusters and the β 
transition to the Tg of the backbone. It is generally accepted that the α transition of Nafion 
in the acid form (relevant for PEM fuel cells) is around 100°C and that it has some glassy 
characteristics at room temperature. So, even if the pure component values of Nafion 
were known, the predictive ability of free volume theory, which only applies to rubber 
polymers, would not hold for Nafion at room temperature. 
 
Free volume theory has been adapted for glassy polymers using a factor, 
λ (different from water content), to account for the locked in, extra hole free volume. 
When λ = 1 then no extra hole free volume is trapped in the glassy state, whereas when λ 
= 0 all free volume available at the Tg remains at all lower temperatures. An adaptation of 
a figure from Duda and Zielinski70 is shown in Figure 1.9. It was generated from pure 
component data for toluene in polystyrene and found that λ = 0.30 reproduced the data. 
Several things can be taken from this figure. First, there is not a discontinuity in the 
diffusion coefficient value at the glass transition temperature. Second, the apparent 
activation energy for diffusion can go to zero in glassy polymers. It has also been found 
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that the value for λ is usually only a function of the polymer, i.e. it remains the same for 
different small molecule diffusants.70  
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Figure 1.9. Arrhenius-type diagram of diffusion coefficient as a function of temperature 
as predicted by free volume theory, where K22 is a constant and Tg2 is the glass transition 
temperature of the polymer. Adapted from Duda and Zielinski.70 
 
 
Glassy polymer molecules are immobile on the time scale of most experiments and 
unable to respond to changing conditions. So diffusion of a small molecule through a 
glassy polymer is often limited by the polymer chains, which results in non-Fickian or 
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anomalous diffusion. Depending on factors like the amount of free volume in a glassy 
polymer and the solubility of the small molecule diffusant, the small molecule may be 
able to diffuse through the free volume unhindered by the slow polymer chains, which 
results in apparent Fickian behavior.75 If the solubility of the small molecule in the glassy 
polymer is large then some molecules may diffuse through the free volume while others 
are hindered by the polymer chains resulting in two-stage sorption.76 On the other hand, 
partitioning into the homogenous amorphous polymer and into the extra hole free volume 
can be modeled as two equilibrium events as is done in the dual mode sorption model.77,78 
 
The most widely studied form of non-Fickian diffusion is Case II, where the total weight 
change is initially linear with time, and frequently a constant velocity front of constant 
concentration has been observed propagating through the polymer.79,80 Case II diffusion 
has been successfully explained as a solvent-induced glass to rubber transition where the 
diffusion coefficient in the glass is negligible compared to the diffusion coefficient in the 
swollen, rubbery region. If the film is thick enough, the resistance from diffusion through 
the rubber can start to dominate the front propagation and weight gain ceases to be linear 
with time at late times.  
 
A diffusion Deborah number (equation 1.9, where te is for diffusion) has been used to 
characterize diffusion in polymers.75,81,82 When polymer relaxation is much faster than 
diffusion, as is the case for rubbery polymers, then Fickian diffusion is usually observed. 
If diffusion is much faster than polymer relaxation and there is no ‘phase’ transition, then 
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Fickian diffusion is also observed. When diffusion and polymer relaxation are on the 
same order of magnitude, then anomalous diffusion is usually observed. Traditionally, 
anomalous diffusion has been used to describe any transport that is neither Fickian nor 
Case II. Some examples are sigmoidal and dual-mode sorption.61 Several types of 
anomalous diffusion have been successfully modeled using combined diffusion-stress 
relaxation models.75,81-86 However, the physical underpinnings have not been proven 
unequivocally. 
 
A polymer’s relaxation can be quantified with mechanical testing. Two variables are 
mainly used, stress and strain (elongation). Stress (σ) has units of pressure or force per 
area. Strain (ε) is simply a percent change from the original length. In a plot of stress 
versus strain (Figure 1.10), the slope is the Young’s Modulus, where the steeper the slope 
the stronger the material. A brittle plastic is extremely strong, being able to withstand 
high stress with small change in dimension. If the stress is removed from a brittle plastic 
before breaking it recovers its shape. In other words, the applied stress was stored and the 
material was deformed elastically. A tough plastic behaves the same as a brittle plastic up 
to the yield stress. Toughness is measured by the area under the stress versus strain curve, 
which is large for tough plastics. Elastomers cannot withstand large amounts of stress but 
can elongate many times their original length. The elongation to break is the strain at 
which a sample fails. The most important mechanical value depends on the application, 
although toughness is commonly used because during use plastics usually are not stressed 
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to the breaking point.56 These experiments do not, however, indicate the portion of 
deformation that is elastic versus viscous. 
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Figure 1.10. Stress versus strain curves for three different types of polymers. Adapted 
from Sperling.56 
 
 
Two time-resolved experiments for measuring a polymer’s relaxation dynamics are stress 
relaxation, in which the polymer is stretched to some constant elongation and the stress 
measured as a function of time, and creep, in which a constant stress is imposed and the 
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elongation measured in time. In both of these experiments, a viscoelastic model must be 
regressed to the time-resolved data to quantify the polymer dynamics.56 
 
Viscoelasticity is a term commonly applied to polymers, because they behave somewhat 
like a liquid (viscous) and somewhat like a solid spring (elastic). Newton’s law applies to 
liquids and states that the stress equals the viscosity of the liquid times the time derivative 
of the strain.  
 (1.22) 
where µ is the dynamic viscosity. Intuitively, one can think about the resistance (stress) 
from deforming a liquid. A more viscous liquid, like honey, would yield higher stress at a 
constant deformation rate than would a less viscous liquid, like water. On the other hand, 
the faster a fluid is deformed the higher is the stress. Newton’s law solved for strain with 
constant stress states that the fluid deforms linearly with time at a rate equal to the stress 
divided by the viscosity of the fluid. 
 (1.23) 
 So, as long as a force is applied on a pure liquid it will continue to deform, like a river 
running to the ocean. 
 
Hooke’s law applies to springs. It states that the stress equals the strain times a spring 
constant.  
 (1.24) 
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The stiffer a spring is, the larger the spring constant, and the greater the stress imposed 
the further the spring deforms. In contrast to liquids, in which any stress imposed is 
completely lost, springs store all stress, returning to equilibrium when the stress is 
removed. 
 
These two effects, elastic deformation and viscous flow, are present in polymers, where 
entropy, covalent bonds, and physical crosslinks serve to elastically pull the polymer 
back to equilibrium when a stress is removed, but polymer chains can also slide past each 
other and flow. The two elements of viscosity and elasticity can be combined in various 
ways to model polymer viscoelasticity and, in turn, non-Fickian dynamics.56 
 
In summary, Boltzmann87 first determined in 1894 that Fickian diffusion could be 
identified by plotting total mass versus the square root of time. If the early time data is 
linear, then diffusion is considered Fickian. Several types of non-Fickian diffusion in 
polymers have been observed and organized according to the expression:62 
€ 
Mt
Meq
= knt n  (1.25) 
where n = ½ is Fickian (Case I), n = 1 is Case II, and ½ < n < 1 is anomalous. Though 
transport mechanisms of small molecules in polymer membranes have been identified by 
the shape of the mass uptake curve, in many cases the physical mechanisms are still not 
fully understood. This method of organizing diffusion regime based on an early time 
approximation of data from a bulk measurement lacks necessary detail. Although 
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polymer science concepts, such as free volume theory and stress relaxation, are 
understood, experimental techniques that can simultaneously measure polymer and small 
molecule dynamics and models that incorporate polymer science concepts with diffusion 
are needed to clarify the fundamentals of small molecule diffusion in polymers. 
 
1.4. Time-Resolved FTIR-ATR Spectroscopy 
Time-resolved FTIR-ATR spectroscopy provides molecular-level contrast between 
diffusants and the polymer based on bond vibrations absorbing light at different 
wavelengths. In other words, changes to the polymer and the diffusant(s) in the polymer 
can be measured in real time on a molecular level during the diffusion process. This 
molecular contrast allows for the measurement of multicomponent diffusion and sorption 
in polymers. The technique not only can quantify multiple diffusing components 
simultaneously, but also can quantitatively measure molecular interactions between 
diffusants and the polymer through shifts in the infrared spectra.88,89 
 
Infrared (IR) radiation was discovered in 1800 by Sir William Herschel, an astronomer 
who experimented with solar radiation, prisms, and blackened thermometers. Eighty 
years later scientists began examining the unique patterns of absorption by molecules. 
Infrared spectrometers have been available since the 1940’s, and gained renown for 
analyzing synthetic rubber produced during World War II.90  
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Today much is known about quantum theory, which makes it possible to predict some 
infrared spectra. However, resonance causes broadening of IR peaks and intermolecular 
interactions cause shifts in peak locations. Both of which are difficult to quantitatively 
account for in molecular simulations. It is most productive to take a simple look at 
infrared spectroscopy. A molecular bond vibration consists of two atoms moving with 
respect to each other. When the rate of stretching and contracting of that bond is 
coincident with the wavelength of infrared light passing, then the light can be absorbed, 
exciting the bond. Infrared absorption is not limited to single bond vibrations. Three atom 
vibrations can absorb infrared radiation. In fact, skeletal vibrations of multiple atoms in 
larger molecules can absorb characteristic frequencies of infrared radiation. 
 
Furthermore, vibration and rotations can be coupled, as can vibrations of two different 
bonds near each other. The quantum nature of atomic bonding means that there are also 
overtones of functional groups, which are n times the fundamental frequency. Although 
these concepts can be important when analyzing infrared spectra, functional groups tend 
to absorb at well defined frequencies, which allows comparison between different 
molecules with the same functional groups.91 
 
Molecular bond vibrations can be simplistically modeled as a harmonic oscillator of a 
spring with two weights. 
 (1.26) 
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where ν is the wavenumber (cm-1) which equals the frequency divided by the term (2πc), 
c is the speed of light in the medium of interest (cm/s), ƒ is the force constant on the 
spring (bond) in (dyne/cm), and the denominator in the square root is the reduced mass of 
the two atoms. Wavenumber is commonly used in infrared spectroscopy because it scales 
linearly with energy. The force constant can be thought of as a stiffness of the bond, 
which will increase in the order single bonds, double bonds, triple bonds. Furthermore, 
more massive atoms will oscillate more slowly, absorbing lower wavelength (weaker) 
infrared energy.92  
 
Perhaps the most important breakthrough in the development of infrared spectroscopy 
was the development of the two beam technique and the use of Fourier transforms. The 
introduction of a reference beam improved the reproducibility of infrared spectroscopy 
and, most importantly, increased the rate of data collection by orders of magnitude. 
Previously, each frequency of light had to be passed through the sample and the intensity 
reaching the detector recorded. With the advent of Fourier transform infrared 
spectroscopy (FTIR), all frequencies (wavelengths) of infrared light could be passed 
through the sample simultaneously. The time-resolved interference pattern between a 
reference beam and the beam passing through the sample could be Fourier transformed 
from time to frequency.92 
 
Practical application of infrared spectroscopy to studying small molecule diffusion in 
polymers has been achieved with attenuated total reflectance (ATR). A schematic of a 
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multiple reflection ATR setup is shown in Figure 1.11. The polychromatic infrared 
radiation is directed into an optical crystal with low infrared absorbtion and a high index 
of refraction (n), like zinc selenide (ZnSe, n1 = 2.45). Low infrared absorbtion allows 
most of the infrared energy to pass from the IR source to the detector, as shown in Figure 
1.11 The high index of refraction ensures complete reflection of the IR beam when it 
reflects at the interface between the crystal and a lower refractive index medium, such as 
air (n2 ~ 1.0), water (n2 ~ 1.3), or a polymer (n2 ~ 1.5)93. 
 
At each reflection the superposition of the incident and propagating beams form a 
standing wave in the crystal normal to the interface with amplitude:94 
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E = cos 2πzcos θ( )
λ
 
 
 
 
 
  (1.27) 
where z is distance from the interface, θ is the angle of incidence, and λ is the wavelength 
of light. In the coordinate system used by Harrick94, y is the direction that perpendicular 
polarized light will vibrate in the plane of the interface (at the reflection) and x is the 
direction of propagation. At the interface in the rarer medium the tangential components 
of the electric field are continuous from the standing wave in the crystal and can be 
calculated for non-absorbing media with the angle of incidence and the two refractive 
indices of the crystal and the rarer medium.94 
  
€ 
Ey  =
2cosθ
1− n2 n1( )2( )
1/ 2  (1.28) 
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The electric field amplitude in the z-direction, perpendicular to the interface, is 
discontinuous owing to the displacement being continuous. The reflected wave within the 
crystal is displaced by a small but measurable amount. The z-component of the 
evanescent wave can be quite large from total internal reflection in a non-metallic (non-
conductive) substance, especially when the angle of incidence is near the critical angle. 
The critical angle is determined by the refractive indices of the two components and is 
measured from the normal to the interface.94 
€ 
θc = sin−1(n2 /n1) (1.31) 
Total internal reflection occurs when the incident angle is greater than or equal to the 
critical angle. For example, the critical angle between ZnSe and air is 42°. 
  
All components of the evanescent wave decay exponentially from their amplitude at the 
interface, shown schematically in the inset of Figure 1.11.  
  
€ 
E = E  exp −z /dp( )  (1.32) 
The depth of penetration, dp, (depth at which the evanescent wave intensity has decayed 
to 1/e) is related to the wavelength of light, refractive indices of the crystal and polymer, 
and the angle of incident light, and is given by: 
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 (1.33) 
Because the evanescent wave is continuous from the standing wave in the crystal, it 
retains the same frequency. However, it is non-propagating because the time average of 
the Poynting vector is zero.94 In other words, there is no flow of energy into the rarer 
medium unless absorption occurs. The depth of penetration of this wave into the lower 
refractive index medium is constant for a given medium at a given wavelength and can be 
accurately calculated.95 This constant sampling depth simplifies not only sample 
preparation but also experimental repeatability. 
 
 
Figure 1.11. FTIR-ATR spectroscopy schematic. 
 
 
In addition the ATR set-up (Figure 1.11) is amenable to polymer membranes and 
furthermore provides an ideal form for transport experiments because both boundaries of 
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the polymer are easily controlled. An impermeable boundary exists at the polymer–
crystal interface (z = 0), which is where detection takes place. On the opposite side of the 
membrane, flow conditions (liquid or vapor) can be carefully controlled. The initial and 
boundary conditions for the ATR configuration (Figure 1.11) with a polymer membrane 
of thickness, ℓ, exposed to an infinite reservoir of diffusant with negligible mass transfer 
resistance (constant surface concentration) are:  
  
€ 
C = C0 @ t = 0; 0 < z <   (1.34) 
  
€ 
C = Ceq @ z = ; t ≥ 0  (1.35) 
€ 
dC
dz = 0@ z = 0; t ≥ 0 (1.36) 
C0 is the initial concentration of the small molecule in the polymer, where z = 0 for the 
impermeable polymer/ATR element interface and z = ℓ for the reservoir/polymer 
interface. An analytical solution to equation 1.12 with these initial and boundary 
conditions is given: 
€ 
C −C0
Ceq −C0
=1− 4
π
×
(−1)n
2n +1exp −Df
2t( )cos fz( )
n= 0
∞
∑  (1.37) 
where 
  
€ 
f = (2n +1)π2  (1.38) 
For weak to moderate IR absorption, absorbance can be related to concentration and path 
length through the differential Beer-Lambert Law: 
 
€ 
dA = − dII = εCIdz  (1.34) 
The absorbance is related to the molar absorption (or extinction) coefficient, ε, the 
concentration, C, and the path length, dz, which must be integrated over the electric field 
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intensity. The electric field intensity is the square of the electric field amplitude, I = E2. 
For transient experiments, concentration is a function of position, and the evanescent 
field is also a known function of position (equation 1.32). Substitution yields: 
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 The constants can be combined and the path length integrated over the thickness of the 
membrane to arrive at a general relation between absorbance and concentration for FTIR-
ATR spectroscopy.95 
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Substitution of equation 1.37 into equation 1.41 and integrating yields:95 
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where A(t) is the ATR absorbance at time t, and Aeq is the absorbance value at 
equilibrium.  
 
When ℓ/dp > 10, then equation 1.42 is equivalent to equation 1.37, where the 
concentration profile is essentially constant in the sampling region close to the 
polymer/crystal interface (z = 0) resulting in a spatially independent solution: 
€ 
C −C0
Ceq −C0
=1− 4
π
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n= 0
∞
∑  (1.43) 
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This is referred to as the thick film approximation.96 In this work, ℓ/dp >> 10, where dp ~ 
1 µm and ℓ ~100 µm. Therefore, experimental data (ATR absorbance) as a function of 
time can be regressed to equation 1.42 or 1.43, using least squares analysis, to determine 
the binary or effective diffusion coefficient (D) of the diffusant in a polymer, where D is 
the only adjustable parameter in this model. Infrared spectroscopy allows real-time 
monitoring, on a molecular scale, inside the membrane. Measuring concentration at a 
known position as a function of time allows careful calculation of the diffusion 
coefficient. In addition FTIR-ATR can detect changes in intermolecular interactions and 
reactions, as well as polymer relaxation. 
 
Time-resolved FTIR-ATR spectroscopy has been used for many years to measure 
sorption and diffusion of small molecules in polymers. Some of the first work in the 
1980s studied drying (small molecule desorption) of latex and found good agreement 
between time-resolved FTIR-ATR spectroscopy and gravimetric desorption.97 Models 
have since been developed to quantify Fickian diffusion and Case II diffusion98, as well 
as more complex phenomena such as diffusion of multiple components99, diffusion with 
interacting components89, and even diffusion with reaction100. Using a polymer functional 
group, polymer dilation during small molecule diffusion has also been measured.101 
 
In all these studies the polymer was solution cast onto an ATR crystal, which is not 
possible with Nafion because it is a strong acid in suspension and will etch the crystal. A 
physisorbing method was developed in this work to examine diffusion in Nafion using 
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FTIR-ATR spectroscopy. Moreover, FTIR spectroscopy has been used to study 
equilibrium water uptake in Nafion in transmission mode102-107 but time-resolved 
dynamics of small molecule diffusion in Nafion has never been measured with FTIR 
spectroscopy in any mode to the best of the author’s knowledge. 
 
Other techniques have been used in this work to compare and corroborate results from 
FTIR-ATR spectroscopy. They will be described in more detail in Chapter 2. Water in 
polymers is also a topic that has been addressed with FTIR-ATR spectroscopy.173 That 
work will be elaborated upon in Chapter 6.  
 
1.5. Outline 
Chapter 2 comprises a general overview of the experimental techniques that were used to 
study methanol and water dynamics in PEMs. Methanol transport in Nafion is presented 
in Chapter 3, focusing mainly on methanol sorption, methanol diffusion, and the effect of 
methanol on Nafion conductivity, with an emphasis on the implications for the direct 
methanol fuel cell. Chapter 4 examines the diffusion of water in Nafion with simple 
analysis of the results to explain some of the large variation of the diffusion coefficients 
of water in Nafion that have been reported in literature. Chapter 5 then explains the 
mechanisms causing non-Fickian diffusion that was observed in Chapter 4, by using 
multiple regions of the infrared spectrum and considering not only diffusion of water in 
Nafion but also reaction between the two and relaxation of Nafion. Chapter 6 uses 
deconvolution of the time-resolved water-Nafion spectra to evaluate the states of water in 
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Nafion, which provides insight into the connection between Nafion morphology and 
proton conducitivity. Chapter 7 extends the concepts of transport in polymer membranes 
to other polymer systems, specifically sulfonated block copolymers. Chapter 8 concludes 
this work, summarizing how the research has contributed to improving PEMs for fuel 
cells. In addition, future directions are proposed. 
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Chapter 2. Experimental 
 
 
 
 
2.1. Materials 
Nafion® 117 (1100 g(dry polymer)/mol(SO3H), 178 µm dry thickness, and refractive 
index 1.364 (nNafion)108) was purchased from Aldrich and will hereafter be referred to as 
Nafion. Hydrogen peroxide (Aldrich, 30-32 wt%), reverse osmosis (RO) water 
(resistivity ~16 MΩ cm), and sulfuric acid (Aldrich, 99.999% purity, A.C.S. reagent) 
were used to purify Nafion. Virgin, electrical-grade polytetrafluoroethylene (PTFE 1016 
µm and 254 µm thickness) was purchased from McMaster-Carr for gravimetric sorption 
experiments. Methanol (≥99.8%, Aldrich A.C.S. reagent) and RO water were used in 
sorption and diffusion experiments. Breathing quality compressed air purchased from 
Airgas was used in all vapor transport experiments. Air either flowed through a glass 
moisture trap (Restek) packed with indicating Drierite and Molecular Sieve 5A (0% RH) 
or bubbled through saturated aqueous salt solutions containing potassium acetate 
(KC2H3O2 1.5H2O), potassium carbonate (K2CO3), sodium bromide (NaBr), potassium 
bromide (KBr), or pure RO water (H2O). All salts were 99% pure and purchased from 
Aldrich. Crosslinked sulfonated block copolymers were supplied by Liang Chen of the 
Hillmyer group at the University of Minnesota. 
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2.2. Membrane Preparation 
Nafion membranes for FTIR-ATR experiments were trimmed to the size of the long 
reflecting face of the ATR crystal, 7 x 1 cm. Membrane samples for permeation 
experiments were cut into 3 x 3 cm squares. For two-electrode conductivity experiments 
~1.6 cm diameter circles were used, and for four-electrode conductivity experiments 0.5 
x 3 cm rectangles were used. Nafion and PTFE membranes for gravimetric sorption were 
cut into approximately 3 x 3 cm and 5 x 5 cm squares, respectively. All Nafion samples 
were subsequently purified, similar to a procedure reported elsewhere,88 by refluxing in 3 
wt% hydrogen peroxide, then in RO water, next in dilute sulfuric acid, and finally in RO 
water again. Membranes were rinsed thoroughly with RO water after every 1 hour step. 
Finally, all membranes were stored in separate vials filled with RO water. 
 
2.3. Diffusion (Time-Resolved FTIR-ATR Spectroscopy) 
Time-resolved infrared spectra for diffusion experiments were collected using an FTIR 
spectrometer (Nicolet 6700 Series; Thermo Electron) equipped with a horizontal, 
temperature-controlled ATR cell (Specac, Inc.). A multiple reflection, trapezoidal (72 x 
10 x 6 mm), zinc selenide (ZnSe) ATR crystal (Specac, Inc.) with 45o beveled faces 
(infrared angle of incidence, θ) was used. Infrared spectra were collected using a liquid 
nitrogen-cooled mercury-cadmium-telluride detector with 32 scans per spectrum at a 
resolution of 4 cm-1 (a spectrum was collected every 12.4 s). All spectra were corrected 
by a background subtraction of the ATR element spectrum. A schematic diagram 
illustrating the diffusion experiment is shown in Figure 1.11. 
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For each diffusion experiment, a background spectrum of the ATR crystal was collected. 
After recording and saving a background spectrum, the flow-through ATR cell was 
opened and the ZnSe crystal removed. A hydrated, pre-cut section of Nafion was 
physisorbed onto the crystal. The membrane-covered crystal was then returned to the cell 
and the cell tightened. A Kalrez gasket was used to ensure adequate adhesion between 
membrane and crystal while also providing free space on the top side of the membrane, 
where dry air could flow to dry the membrane in situ. The flow rate was optimized at 150 
mL/min to eliminate mass transfer resistance at the interface without introducing an over-
pressure. The membrane was then dried for 4 hrs by flowing dry air through the ATR 
cell. The OH stretching and bending vibrations (associated with water in Nafion) were 
monitored to ensure a dry steady state was achieved. Drying was necessary to achieve 
repeatable starting points for diffusion experiments and to ensure adequate adhesion 
between the membrane and crystal. In other words, no bulk liquid was present between 
the membrane and crystal during these experiments. From this point the experiment 
depends on what is being studied, i.e. liquid methanol, liquid water, or water vapor. 
Therefore, more detailed procedures are described in the appropriate chapters. 
 
Immediately following each experiment, the membrane thickness was measured with a 
digital micrometer (Mitutoyo) with 1 µm accuracy. These thicknesses were used in the 
calculation of each diffusion coefficient to accurately account for the change in thickness 
with changing experimental conditions.  
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2.4. Methanol Permeability 
Methanol permeability was measured using a temperature-controlled, glass permeation 
cell (PermeGear, Inc.) with real-time, in-line FTIR-ATR spectroscopy for detection of 
methanol. Prior to each experiment, the polymer membrane was hydrated in RO water for 
several days and then removed and tightly clamped between donor and receptor 
compartments (each 3.4 mL) with an exposed membrane cross-sectional area of 0.636 
cm2. Both compartments were initially charged with 3 mL of RO water and the detection 
loop was primed with a measured amount of RO water. The detection loop consisted of a 
closed system of Tygon® tubing (Cole Parmer) and a pump (Watson Marlow 205U) 
connecting the receptor side of the permeation cell to the flow-through ATR cell. After 
priming, the detection loop was closed and continuously pumped at 85.0 RPM (10 
mL/min). Data collection began when methanol was introduced to the donor side of the 
permeation cell. The temperature of the permeation cell and the horizontal flow-through 
ATR cell (Specac) were controlled by a water bath (NESLAB RTE 10 Digital Plus). In 
order to convert the FTIR-ATR output (absorbance units) into concentration units, a 
calibration was performed with 25 methanol/water mixtures ranging from pure RO water 
to pure methanol (24.7 M methanol). This technique was developed in other work and a 
schematic diagram of the apparatus and more details regarding the procedures have been 
documented elsewhere.109 
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2.5. Proton Conductivity 
Proton conductivity of each membrane was measured with electrochemical impedance 
spectroscopy. Membrane resistance was measured at AC frequencies ranging from 100 
Hz to 1 MHz using a Solartron impedance system (1260 impedance analyzer, 1287 
electrochemical interface, Zplot software) described in more detail elsewhere.3. 
 
2.5.1. Two-Electrode Technique 
Two-electrode proton conductivity experiments were used to measure liquid equilibrated 
PEMs. They consisted of measuring the resistance of the membrane perpendicular to the 
plane of the membrane (referred to as through-plane) by sandwiching the films between 
two 1.22 cm2 stainless steel blocking electrodes. All membranes were immersed in either 
RO water, methanol, or methanol solutions (0.1, 1, 2, 4, 8, or 16 M) for at least one week 
and then quickly removed and enclosed in a sealable Teflon custom-made cell to 
maintain hydration during impedance measurements. The real impedance was determined 
from the x-intercept of the imaginary versus real impedance data over a high frequency 
range.110 Conductivity values for each sample reported in this study are an average of at 
least two experiments. Wet membrane thickness (used in the conductivity calculation) 
was measured after re-immersing each membrane in its solution. Through-plane 
conductivity, 
€ 
σ⊥, was calculated by 
  
€ 
σ⊥ =

R⊥ A⊥
 (2.1) 
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where ℓ is the membrane thickness, 
€ 
R⊥  is the resistance (real impedance), and 
€ 
A⊥  is the 
electrode cross-sectional area (1.22 cm2). A schematic diagram of the apparatus and more 
details regarding the procedures have been documented elsewhere. 3,110 
 
2.5.2. Four-Electrode Technique 
Four-electrode proton conductivity experiments were used to measure PEMs equilibrated 
in water vapor. They consisted of measuring the resistance of the membrane along the 
plane of the membrane (referred to as in-plane), where the resistance was measured 
between two inner reference electrodes (~1 cm apart) and current applied to the outer 
electrodes (~3 cm apart) on the surface of the membrane. All membranes were immersed 
in RO water for more than one week prior to being placed in a custom-made four-
electrode cell, which applied the appropriate pressure between electrodes and the 
membrane. The cell had openings that allowed the membrane to be exposed to a 
controlled environment. The four-electrode cell was then placed in a Tenney chamber 
with electrical feedthroughs, where resistance was measured as a function of temperature 
and relative humidity. Experiments were conducted as a function of temperature 
(ramping up and down in temperature: 30, 40, 60, 80, 100, 120, 140, 150, 130, 110, 90, 
70, 50, 30°C) at fixed relative humidities: 90, 80, 50, 40, 20, and 10% RH. At each 
relative humidity, the system was allowed 15 min to ramp to each temperature and then 
held at that temperature for 5 hrs. Measurements were only taken when the resistance was 
constant (at equilibrium) at each condition. At least 10 equilibrium measurements were 
collected for each sample at each temperature and relative humidity. The in-plane 
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conductivity values reported are the average of these multiple measurements and repeated 
experiments. The in-plane resistance, 
€ 
R|| , or real impedance was determined from the x-
intercept of the imaginary versus real impedance data. The in-plane proton conductivity, 
€ 
σ || , was calculated by 
€ 
σ || =
d
R|| A||
 (2.2) 
where d is the distance between the reference electrodes (~1 cm) and 
€ 
A||  is the cross-
sectional area for conduction (membrane width times thickness). Widths and thicknesses 
for conductivity experiments were measured directly after each experiment. A schematic 
diagram and more detail regarding the procedures have been documented elsewhere.3,110 
 
Generally, the four-electrode technique (in-plane) is preferred over the two-electrode 
technique (through-plane) because of the significant frequency dependence on impedance 
at low frequencies due to interfacial impedance in the latter technique.111 In this study, 
impedance measurements with the two-electrode technique were collected at the upper 
limit of the frequency range, where there is only a minor dependence on frequency. 111 
Other investigators have reported ~2.5-fold difference in conductivity for Nafion when 
comparing the four and two-electrode technique.111,112-114 Similar results were obtained in 
this study for Nafion. Despite this difference, the two-electrode technique is of great 
importance as it measures the membrane impedance in the direction that is relevant for 
fuel cells. 
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2.6. Sorption 
2.6.1. Gravimetry 
For gravimetric sorption (uptake) experiments, all membranes were soaked in RO water 
for at least 24 hrs following purification. Membranes weighing approximately 100 mg 
were immersed in water, methanol, or a methanol/water mixture (0.1, 1, 2, 4, 8, or 16 M) 
for at least 24 hrs and the wet membranes were then removed from the liquid, carefully 
patted to remove excess surface liquid and immediately weighed (wet weight). The 
weights were recorded with a balance (Mettler Toledo, AB54-S) with 0.1 mg accuracy. 
Each membrane was then re-immersed into its respective liquid, and this procedure 
(recording the wet weight) was repeated 2-3 times over the course of several days to 
ensure equilibrium sorption. Equilibration time was longer for samples in methanol 
solutions than for those in water. The dry weights were recorded after the membranes 
were dried for 3-5 days at ambient conditions. Laboratory conditions during these 
experiments ranged from 18-24°C and 10-20% relative humidity. The weight uptake or 
sorption of liquid was determined by: 
 (2.3) 
where CT, mwet, and mdry are the total solute concentration, membrane wet weight, and 
membrane dry weight, respectively.  
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2.6.2. Pressure Decay 
Pressure decay experiments were conducted in the Sarti laboratory at the University of 
Bologna in Italy. This experiment consisted of two chambers of accurately known 
volumes separated by a valve. The first chamber (pre-chamber) was connected to a 
pressure transducer and to a water reservoir via another valve. The second chamber 
(sample chamber) held the sample of interest. To begin, both chambers and all tubing 
were evacuated, in order to fully dry the sample and to tare the pressure transducer. Next 
the sample chamber was sealed while the pre-chamber was charged to a known pressure 
(and therefore known number of moles of water). Finally, the valve between the pre- and 
sample chambers was opened. An initial large pressure drop occurred owing to expansion 
of the water vapor from the pre-chamber volume to the volume of both chambers. Since 
the total volume of both chambers was known, this large pressure drop from expansion 
was calculated. Following the rapid initial pressure drop, there was a slower pressure 
decay as the sample absorbed water molecules. A final pressure was reached, which was 
taken as the steady state activity for that step.  
 
The entire procedure was repeated. In other words, for a second step, the valve between 
sample chamber and pre-chamber was closed. Next, the pre-chamber was charged with 
more water. Now, with a known amount of water in the polymer, a known number of 
moles in the sample chamber, and a new number of moles in the pre-chamber, the valve 
between the two chambers was re-opened, introducing more water to the sample. Another 
volume expansion occured, followed by a pressure decay to a new steady state activity. 
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This process was continued, incrementally increasing the activity. It was difficult to 
achieve high activity because condensation must be completely avoided. If condensation 
occurred then the number of moles of water was no longer measured by the pressure. 
Another difficultly of this technique was that the absolute sorption value of each step was 
dependent on all previous steps. So this technique is useful to measure water vapor 
sorption at low activity and can be used to measure Fickian diffusion in the absence of 
vapor phase mass transfer resistance. 
 
2.7. Dilation 
2.7.1. Vapor 
Dilation experiments were also conducted in the Sarti laboratory. The apparatus and set-
up are the same as described elsewhere.115 A charge coupled device (CCD) camera was 
used to track the movement of two perpendicular sets of marks on a Nafion membrane, 
such that the change of length and width could be measured. The water activity was 
controlled by first evacuating all air from the system and then introducing pure water 
vapor from a pure water reservoir. The total pressure (due only to water vapor) was 
monitored with a pressure transducer, where the activity was the total pressure divided by 
the vapor pressure of water at 30°C. The entire apparatus was maintained at 30°C by a 
circulating water bath. The contrast and resolution of the image and digital camera were 
not sufficient to collect transient dimensional changes that occurred during changes of 
water activity. However, steady state dilation measurements were possible and 
repeatable. Dilation measurements were used to calculate equilibrium Nafion density at 
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each relative humidity of interest. Although dilation in the thickness direction could not 
be measured in vapor experiments, it was assumed to be the same as that in the width 
direction, supported by results from liquid dilation experiments, in which it was possible 
to measure dilation in all three directions. In liquid experiments the width and thickness 
swelling were the same and greater than swelling in the length direction. Nafion is an 
extruded membrane meaning that the polymer chains are probably partially aligned in the 
length direction. One would expect the directions perpendicular to the preferential 
polymer chain direction to swell more than along the length of the polymer chains, which 
liquid dilation experiments confirm. The results of dilation experiments were used solely 
to calculate Nafion density at each relative humidity and are used to calibrate FTIR-ATR 
data.  
 
2.7.2. Liquid 
Liquid dilation experiments were performed on the same sample membranes as for 
gravimetric sorption. Thicknesses were measured with a micrometer (Mitutoyo) with 1 
µm accuracy, and the width and length of all samples were measured with calipers 
(VWR) with 10 µm accuracy. All sample dimensions were measured for both dry and 
liquid-saturated conditions (immersed in liquid for 3 weeks), where water, methanol, and 
mixtures (0.1, 1, 2, 4, 8, and 16 M) were used. Changes were calculated on a dry basis, 
where weight uptake was determined by 
€ 
wt% = mwet −mdrymdry
×100  (2.4) 
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where mwet, and mdry are the wet and dry weight of the membrane, respectively. Swelling 
(e.g., thickness change) was determined by  
  
€ 
swelling% =  wet −  dry
 dry
×100  (2.5) 
where ℓwet and ℓdry are the wet and dry thicknesses of the membrane, respectively. For 
thickness measurements, ~5-10 readings at different positions on the membrane were 
collected, while width and length measurements consisted of five and three readings, 
respectively, at different positions. A minimum of two of each sample was used for each 
sorption and swelling measurement. 
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Chapter 3. Transport of Methanol in Nafion 
 
 
 
 
3.1. Introduction 
Over the past decade, research activity focused on the development and evaluation of 
new PEMs (Nafion replacements) for DMFCs has grown exponentially. These 
investigations have recently been reviewed by DeLuca and Elabd.3 In this review, only a 
handful of publications have demonstrated new PEMs with slightly improved 
performance compared to Nafion. Based on these investigations, it is not completely clear 
why these PEMs in particular result in higher selectivities (high proton conductivity/ low 
methanol permeability) and improved DMFC performance compared to Nafion. An 
overall observation when reviewing research in this field is that there are numerous 
publications on PEM development for the DMFC, but only a few publications that focus 
on exploring fundamental methanol transport mechanisms in PEMs. In other words, 
typically only a few key prescreening transport measurements (e.g., proton conductivity, 
methanol permeability) are conducted on new PEMs for the DMFC. 
 
Several investigators have measured the sorption and diffusion of methanol and water in 
Nafion with techniques, such as gravimetric sorption, NMR spectroscopy, pulsed field 
gradient (PFG) NMR, and electrochemical methods.116-125 Gravimetric techniques 
provide information on the total mixture sorption and diffusion in the polymer. 
Multicomponent sorption or the individual concentrations of methanol and water in the 
membrane has been measured with NMR spectroscopy120,125 and sorption/extraction 
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techniques.117-119 The self-diffusion coefficient of methanol has also been measured by 
PFG NMR.120-122,124,125 Ren et al.120 calculated the diffusion coefficient and concentration 
of methanol in the membrane from the steady-state limiting current density in a DMFC. 
Although the methanol diffusion coefficients in Nafion spans three orders of magnitude 
when all measurement techniques are considered, the self-diffusion coefficients from 
PFG-NMR have much better agreement. Despite the absolute agreement of the self-
diffusion coefficients, there is no consensus on the concentration dependence of the 
diffusion coefficient. With the limiting current density technique, Ren et al.120 found the 
diffusion coefficient to be independent of methanol concentration. Interestingly, Every et 
al.124 obtained similar results with a conventional technique (permeation), but also 
discovered an exponential relation between diffusivity and methanol concentration using 
PFG NMR. Hietala et al.121 work shows that the methanol diffusion trend in Nafion 
mimics that in the bulk solution. Overall, there are limited studies on fundamental 
transport properties of methanol in Nafion and no clear consensus on transport property 
trends among various studies. Specifically, it is not clear what the main contributing 
factors behind increased methanol flux with increasing methanol solution concentration 
are – methanol sorption or diffusion or both. Therefore, more fundamental investigations 
and new experimental techniques in this field would be of significant interest. 
 
In this study, the diffusion and sorption of methanol and water in Nafion were measured 
using time-resolved Fourier transform infrared - attenuated total reflectance (FTIR-ATR) 
spectroscopy. This technique has been used by numerous investigators to measure 
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diffusion in polymers,95 but has not been used to measure diffusion in Nafion. Many of 
these studies have compared their results to more conventional transport experiments 
(e.g., permeation cell, dynamic gravimetric sorption) and report excellent agreement 
between the techniques. FTIR-ATR spectroscopy combines the benefits of NMR, which 
can quantify multicomponent sorption in the polymer, with conventional transport 
techniques, which can measure mutual diffusion coefficients in the presence of a 
concentration gradient. In this study, the effective mutual methanol diffusion coefficient 
and methanol concentration in Nafion was measured with time-resolved FTIR-ATR 
spectroscopy as a function of methanol solution concentration to determine the main 
contributing factors to methanol crossover trends and subsequently DMFC performance 
trends. 
 
3.2. Experimental 
3.2.1. Diffusion (Time-Resolved FTIR-ATR) 
After a background was recorded, a membrane was physisorbed onto the ATR crystal. 
The membrane was dried thoroughly and the flow-through cell was filled with water. The 
membrane was allowed to re-hydrate for 2 hrs. A hydrated steady state was determined 
by monitoring time-resolved infrared spectra. The drying and re-hydrating steps were 
necessary to achieve repeatable starting points for diffusion experiments. This protocol of 
drying and hydrating was meticulously developed and monitored carefully to ensure 
adequate adhesion between the membrane and crystal. 
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To begin each diffusion experiment, a specific concentration of methanol (well-stirred 
and temperature-controlled) was pumped at 5 mL/min into the ATR cell (over the 
hydrated Nafion membrane). This flow rate was chosen to avoid any mass transfer 
resistance at the liquid/polymer interface and to guarantee the validity of an infinite 
source assumption, while not producing excessive amounts of waste. The ATR outlet was 
not recycled. With this flow rate, the flow-through cell (V = 550 µL) was completely 
replenished with a fresh methanol/water solution twice per data point (spectra). Spectra 
were collected every 12.4 s. All diffusion experiments were performed at 25°C. At least 
two diffusion experiments were conducted at each concentration (0.1, 1, 2, 4, 8, 16 M 
methanol in water).  
 
3.2.2. Permeation 
Data collection began when methanol was introduced to the donor side of the permeation 
cell at a concentration of 0.1, 1, 2, 4, 8, or 16 M depending on the experiment. The 
temperature of the permeation cell and the horizontal flow-through ATR cell were 
maintained at 25°C. It is possible to calculate a permeability coefficient based on an early 
time approximation, which assumes a constant concentration in the donor side, CD. 
  
€ 
CR (t)VR
CDA
= P t − 
2
6D
 
 
 
 
 
  (3.1) 
The exposed surface area of the membrane, A, was controlled using impermeable gaskets 
with 1 cm diameter, circular openings. The thickness of the membrane, ℓ, was measured 
after the experiment. The volume of the receptor side, VR, was measured prior to 
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beginning the experiment. The transient methanol concentration in the receptor side, 
CR(t), was measured with calibrated FTIR-ATR. The slope of a plot of the quantity on the 
left in Equation 3.1 versus time yields the permeability coefficient. 
 
3.2.3. Proton Conductivity 
The two electrode technique was used to measure conductivity in this specific study. All 
membranes were immersed in RO water, methanol, or methanol solutions (concentrations 
1, 2, 4, 8, or 16 M which is 3, 6, 13, 27, or 57 wt%) for one week before measuring 
conductivity. Conductivity values for each sample reported in this study are an average of 
multiple experiments, where the average standard deviation was 6% of those values. 
Membranes were re-immersed in their respective solutions for three days before a 
repeated test was performed. Wet membrane thickness (used in the conductivity 
calculation) was measured after re-immersing each membrane in its respective solution 
for one day after each conductivity experiment. 
 
3.2.4. Multicomponent Sorption (Steady-State FTIR-ATR Spectroscopy) 
Steady-state FTIR-ATR spectra of Nafion equilibrated with aqueous solutions of 0, 3, 6, 
13, 27, and 57 wt% methanol (0, 1, 2, 4, 8, 16 M methanol in water) provide the relative 
amounts of water and methanol sorbed in the membrane. If calibrated with gravimetric 
sorption, FTIR-ATR can provide multicomponent sorption data (i.e., the concentration of 
water and methanol in the membrane). The peak heights of the absorption bands 
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associated with H-O-H bending of water, AW, and C-O stretching of methanol, AM, were 
measured at each solution concentration. A mass balance on the solutes gives: 
 (3.2) 
where CT, CM, and CW are, respectively, the total solute concentration, the methanol 
concentration, and the water concentration in the membrane.  
 
As stated, concentration can be related to absorbance through a differential Beer-Lambert 
law (equation 1.41) that incorporates the evanescent decay of the ATR infrared 
absorption. The thick film approximation holds when the thickness of the membrane is 10 
times thicker than the depth of penetration (ℓ/dp > 10). This means that concentration is 
not a function of position within the evanescent wave region. In other words, the 
evanescent wave is essentially sampling the region (~1 µm) at the membrane-crystal 
interface. Equation 1.41 simplifies to: 
 (3.3) 
Combining constants and substituting equation 3.3 into equation 3.2 gives: 
 (3.4) 
where Ai, εi, dpi represent the absorbance, extinction coefficient, and depth of penetration 
for species i, where M and W correspond to methanol and water, respectively. Dividing 
equation 3.4 by AW gives: 
 (3.5) 
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Plotting CT/AW versus AM/AW yields the calibration constants for methanol (slope) and 
water (y-intercept). 
 
3.2.5. Gravimetric Sorption 
For gravimetric sorption (weight uptake) experiments, all Nafion membranes, weighing 
approximately 100 mg, were purified as described above, then soaked in RO water for at 
least 1 day prior to immersing in solutions. PTFE membranes, weighing approximately 5 
and 1 g for the 1016 and 254 micron thicknesses, respectively, were used as received. 
Membranes were immersed in a large excess of water, methanol, or a methanol/water 
mixture (1, 2, 4, 8, or 16 M; 3, 6, 13, 27, or 57 wt% methanol). Wet weights were 
measured 2-3 times over the course of several days, for Nafion, or several weeks, for 
PTFE, to ensure equilibrium sorption. Equilibration time was longer for samples in 
methanol solutions than for those in water. The weighing process involved removing the 
membrane from liquid, carefully patting its surface to remove excess liquid, immediately 
placing on a balance, and finally returning it to its respective liquid. After reaching wet 
equilibrium, the Nafion membranes were dried for 3-5 days at ambient conditions and dry 
weights recorded. Dry weights of the PTFE membranes were measured before immersion 
in solution. PTFE dry weights were invariant between vacuum drying and ambient 
drying. The weight uptake or sorption of liquid was determined using equation 2.3. At 
least three samples were studied at each concentration. A minimum of three experiments 
were conducted on each sample and the values reported are the average of these 
experiments. The average standard deviation was 7% of the average CT values.  
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3.2.6. Liquid Dilation 
Dimensions:  length, width, and thickness of samples used for gravimetric sorption were 
also measured. These measurements provided volume of the samples as a function of 
methanol concentration, which, with weight uptake, was used to calculate swollen Nafion 
densities. Lateral dimensions of extruded Nafion were found to be slightly anisotropic 
(17 to 36%). The membrane in each solution was measured at five different locations. 
These measurements were repeated three times over the time frame of the gravimetric 
experiments, resulting in an average standard deviation that was 1% of each average 
lateral dimension. Each thickness measurement was the average of 5-10 readings at 
different positions on the membrane and was repeated at least twice on each sample (at 
each solution concentration). The values reported are the average of those experiments. 
The average standard deviation was 3% of the average membrane thickness.  
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3.3. Results 
3.3.1. Diffusion 
Infrared spectra of dry Nafion, water, and methanol are shown in Figure 3.1. The infrared 
bands of interest in this study are the C-O symmetric stretch at 1016 cm-1 and the H-O-H 
bending at 1640 cm-1 associated with methanol and water, respectively. Both bands have 
minimal conflict with either the polymer or the other diffusant allowing for accurate 
quantification for diffusion analysis.  
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Figure 3.1. Infrared spectra of dry Nafion, water, and methanol. Spectra offset for clarity. 
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Figure 3.2. Infrared spectra of 2 M methanol diffusion in hydrated Nafion at selected time 
points. Inset shows increase of the methanol C-O stretching band as a function of time. 
 
 
Figure 3.2 shows the time-resolved infrared spectra of a selected diffusion experiment: 2 
M methanol/water mixture diffusing into hydrated Nafion. The inset in Figure 3.2 clearly 
shows the C-O stretch of methanol at 1016 cm-1 increasing with time, which represents an 
accumulation of methanol in Nafion in the region close to the polymer/crystal interface. 
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The C-O absorbance of methanol was measured at each time point, where Figure 3.3 
shows the time-resolved, initialized and normalized absorbance as a function of time for 
2 M methanol diffusion in Nafion. The solid line represents a regression to the ATR 
diffusion solution, equation 1.42, where the effective diffusion coefficient for this 
experiment was 2.75 x 10-6 cm2/s. 
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Figure 3.3. Time-resolved normalized absorbance for the methanol C-O stretching 
vibration. Solid line is the regression to the ATR solution, equation 1.42, for the 
determination of the effective methanol diffusion coefficient in hydrated Nafion (D = 
2.75 x 10-6 cm2/s; 2 M, 25oC). 
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Time-resolved absorbances (C-O infrared band height) of representative experiments at 
various methanol concentrations, 0.1, 1, 2, 4, 8, and 16 M, diffusing into hydrated Nafion 
are shown in Figure 3.4. The diffusion of pure methanol in Nafion was difficult to 
measure due to excessive membrane swelling. As expected, the rate and steady-state 
absorbance increased with increasing bulk methanol concentration.  
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Figure 3.4. Time-resolved absorbances (C-O stretch) for methanol diffusion into hydrated 
Nafion as a function of bulk methanol solution concentration (CB). 
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Figure 3.5. Diffusion coefficients () versus bulk methanol solution concentration from 
FTIR-ATR diffusion experiments. Error bars represent the standard deviation from 
multiple experiments. Other symbols (116, 120, 120, 121, 122, 124, 125) 
represent diffusion coefficients from literature measured using other experimental 
techniques. 
 
 
The normalized results of each experiment were regressed to the binary ATR Fickian 
model (equation 1.42), where effective diffusion coefficients were calculated and are 
shown as a function of solution concentration in Figure 3.5. With an increase in methanol 
solution concentration from 0.1 to 16 M, the effective diffusion coefficient of methanol 
increases from 2.20 x 10-6 cm2/s to 5.84 x 10-6 cm2/s. Gravimetric (Figure 3.7) and 
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dilation data (Table 3.1) reveal that Nafion swells more with increasing methanol 
solution concentration. This suggests that the increase in the effective diffusion 
coefficient of methanol in Nafion may result from an increase in polymer free volume. 
Also shown in Figure 3.5 are data reported from various research groups, where diffusion 
coefficients shown were obtained from other experimental techniques, such as PFG 
NMR120-122,124,125 (self-diffusion coefficients), electrochemical cell120 (steady-state 
limiting current density), and permeation (assuming a value of one123 or fitting116 for the 
partition coefficient). Despite the different techniques and analyses, there appears to be 
reasonable agreement between this work and literature (all within the same order of 
magnitude). However, from these other investigations there is conflict as to whether 
diffusion has a dependence on methanol concentration. 
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Figure 3.6. Diffusivity (), permeability (), and partition coefficient () versus bulk 
methanol concentration. Solid lines represent trend lines. 
 
 
Permeability coefficients measured from permeation experiments are plotted as a 
function of concentration in Figure 3.6 along with the effective diffusion coefficients 
determined from time-resolved FTIR-ATR experiments. The partition coefficient, K, is 
also plotted in Figure 3.6 and was calculated from the ratio of permeation to diffusion 
coefficient (P/D). Similar to diffusion, the methanol permeability increases with 
increasing methanol bulk solution concentration (CB). Both permeability and diffusivity 
increase exponentially with increasing solution concentration – a typical exponential free-
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volume dependence for transport in polymers. In other words, if solvent uptake 
(additional free volume) is linear with the solution concentration (see Figure 3.7), then 
this trend of exponential dependence of transport coefficients on free volume is 
expected.69 Because, the methanol diffusion coefficient increases slightly more than 
permeability, the partition coefficient decreases slightly with increasing solution 
concentration. The partition coefficient is the ratio of methanol concentration in the 
membrane to the concentration in the bulk solution (i.e., a measure of methanol partition 
or sorption in the polymer). Therefore, as the methanol concentration in solution 
increases, the methanol concentration in the membrane also increases, but does not match 
this concentration increase at higher solution concentrations. 
 
3.3.2. Sorption 
Figure 3.7 depicts the total solute concentration sorbed by Nafion and PTFE from 
methanol/water solutions ranging from 0 wt% methanol to 100 wt% methanol. The 
amount of solvent sorbed into Nafion increases with increasing methanol concentration to 
~45 wt%, where it seems to plateau. Contrast this with the extremely low solvent uptake 
of PTFE. The chemical structure of Nafion consists of a completely fluorinated 
backbone, identical to PTFE, with perfluoroether side chains that terminate in a sulfonic 
acid moiety. The side chains are both ionic and hydrophilic and therefore phase separate 
from the highly hydrophobic backbone. Contrasting the low uptake by PTFE with the 
large uptake by Nafion of water (25.6 wt%) and methanol (44.1 wt%) is interesting 
because it suggests that all the solute exists in the hydrophilic, ionic regions of the 
 71 
polymer. The uptake of pure water in Nafion (25.6 wt%) corresponds to a λ (mol 
H2O/mol SO3H) of 21, which compares well with literature.23,35,127-129 
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Figure 3.7. Total solute concentration [water (), mixture (), and methanol ()] in 
Nafion and [water (), mixture (), and methanol ()] in PTFE versus bulk methanol 
solution concentration. 
 
 
As methanol solution concentration increases, the membrane weight uptake reaches a 
maximum. At this maximum, the total uptake is higher than either the pure component 
water or methanol uptake in the membrane. This sorption maximum between 0.4 and 0.6 
mole fraction methanol coincides with findings from other research groups.119,121,126 
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When exposed to pure methanol, Nafion absorbs (44.1 wt%) corresponding to a λm (mol 
CH3OH/mol SO3H) of 27, which agrees well with work by Sangeetha127 and with the 
thermodynamic model of Gates and Newman,119 but differs from their experimental data 
as well as that of two others,118,122 who all report a λm of methanol similar to water. There 
are many other groups who have found even lower methanol contents in Nafion. All 
groups observe that methanol sorption is difficult to measure accurately because of high 
solvent volatility. 
 
During the sorption experiments, the thickness of each membrane was also measured. 
Table 3.1 lists the dry and wet thicknesses for a range of methanol solution 
concentrations. The measured dry thickness of Nafion was within the standard deviation 
of the reported thickness of 178 µm (7 mils). With increasing methanol solution 
concentration, the wet thickness of Nafion increased from 216 to 273 µm. Nandan et 
al.117 reports thickness values of 179, 196, and 245 µm for dry, hydrated, and methanol-
soaked Nafion. The dimensional change of Nafion soaked in pure methanol was difficult 
to analyze accurately due to the high volatility of the solvent resulting in a larger 
magnitude in the standard deviation (error). Nafion thickness swells 20% in water and 
49% in pure methanol. Although thickness swelling and gravimetric sorption measure 
total solute amount in the membrane, they cannot differentiate between the fractions of 
water and methanol.  
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Table 3.1. Nafion swelling (thickness dependence) on bulk methanol solution 
concentration. 
CB (mol/L) Dry ℓ (µm) Solution ℓ (µm) Swelling % 
0 180 ± 2.4 216 ± 2.8 20 ± 1.1 
0.1 185  ± 0.9 227 ± 4.6 23 ± 2.0 
1 184 ± 1.6 229 ± 5.0 22 ± 3.6 
2 185 ± 0.8 231 ± 2.4 24 ± 1.3 
4 185 ± 0.7 235 ± 2.3 28 ± 0.8 
8 184 ± 2.0 239 ± 1.4 31 ± 1.3 
16 184 ± 1.8 271 ± 4.6 48 ± 0.8 
24.7 184 ± 1.2 273 ± 21.4 49 ± 11.0 
 
 
3.3.3. Multicomponent Sorption 
Equilibrium FTIR-ATR spectra provide specific information regarding the absorbance of 
multiple components in the membrane. If calibrated with gravimetric sorption, FTIR-
ATR can provide multicomponent sorption data (i.e., the concentration of water and 
methanol in the membrane). Figure 3.8 shows representative steady-state spectra of the 
water H-O-H bending region and the methanol C-O stretching region for equilibrating 
aqueous solutions of 0, 0.1, 1, 2, 4, 8, and 16 M methanol. The water bending intensity 
decreases with increasing methanol concentrations. Conversely, the C-O stretching 
intensity of methanol increases with increasing methanol concentrations. The peak 
heights of the bands associated with water, AW, and methanol, AM, were measured at each 
solution concentration. These absorbance values require conversion to concentration to 
provide quantitative, physical information about the Nafion-water-methanol system (i.e. 
calibrating with gravimetric sorption).  
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Figure 3.8. Infrared spectra of Nafion equilibrated in methanol/water solutions. Note: 0 
M corresponds to hydrated Nafion. 
 
 
As discussed in the experimental section, multicomponent sorption can be measured with 
FTIR-ATR by calibrating with total sorption from gravimetric experiments. This was 
done for all concentrations in Figure 3.8, using the steady-state absorbances of the H-O-H 
bending of water, AW, and the C-O stretching of methanol, AM, both shown in Figure 3.8, 
and the gravimetric uptake, CT, shown in Figure 3.7. Plotting equation 3.5 as CT/AW 
versus AM/AW (shown in Figure 3.9) yields the calibration constants for methanol (slope) 
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and water (y-intercept). The calibration constants (inverse extinction coefficients and 
penetration depths) for water H-O-H bending and methanol C-O symmetric stretching are 
listed in Table 3.2. The depth of penetration was calculated from equation 1.33 and 
therefore the extinction coefficient could also be determined. All are listed in Table 3.2. 
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Figure 3.9. Concentration-absorbance calibration: total methanol/water mixture 
concentration in the membrane (CT) as a function of methanol C-O stretching absorbance 
(AM) and water H-O-H bending absorbance (AW). Extinction coefficients are proportional 
to the slope and intercept of the linear regression. 
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Table 3.2. FTIR-ATR calibration results for multicomponent sorption of water and 
methanol in Nafion. 
 Methanol Water 
1/dpε (µm-1) 0.0326 0.0143 
dp (µm) 1.47 0.91 
ε 0.0222 0.0157 
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Figure 3.10. Solute concentration versus bulk methanol concentration. CT () is total 
methanol/water mixture concentration in the membrane (gravimetric sorption). CM () 
and CW () are methanol and water concentrations in the membrane, respectively (FTIR-
ATR). CM + CW (Δ) compares well with CT. Solid lines represent trend lines. 
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Figure 3.10 shows the component concentrations of methanol, CM (), and water, CW 
() in Nafion as a function of methanol solution concentration, using calibration 
constants obtained from Figure 3.9. As the methanol solution concentration, CT, 
approaches an equimolar mixture (64 wt% = 17.7 M = 0.5 mole fraction of methanol), 
the methanol and water concentrations in the membrane increase and decrease, 
respectively. Methanol concentration in Nafion increases from 0 to 33 wt%, while water 
concentration in Nafion decreases from 25 to 12 wt%. The plateau in total solute 
concentration appears to be caused by methanol concentration, which reaches a 
maximum at equimolar equilibrating solution. As bulk methanol solution concentration, 
CB, increases, over the entire range water concentration in Nafion decreases linearly. The 
sum of the individual concentrations of methanol and water compare well with the uptake 
of total solution obtained from gravimetric sorption. Figure 3.11 shows multicomponent 
sorption data from this study as a function of methanol mole fraction in solution 
compared with literature data from various research groups. The trends are similar, 
however, there are differences in the absolute values obtained from various measurement 
techniques. In addition, it is interesting how the different apparent solute sorption trends 
depend on how concentration is expressed (wt% in Figure 3.10 and mole fraction in 
Figure 3.11). Regardless of how concentration is expressed, there seem to be more 
complex interactions between methanol and Nafion that do not exist between water and 
Nafion. Perhaps this is related to the amphiphilic nature of methanol and the two phase 
morphology of Nafion. Based on this data, no conclusions can be made as to the physical 
cause. 
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Figure 3.11. Solute content versus bulk methanol mole fraction. This work includes 
methanol content (λM = ) and water content (λW = ) in Nafion. Other symbols 
represent literature values for methanol content (11, 12, 13) and water content (11, 
12, 13). 
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Figure 3.12. Density of the system:  Nafion, methanol, and water versus equilibrating 
methanol solution concentration. Solid line depicts density calculated from component 
concentrations assuming volume additivity (without accounting for volume change upon 
mixing) between solutes and polymer. 
 
 
In Figure 3.12, the density of the Nafion/solvent system is plotted as a function of the 
methanol solution concentration. The density of dry Nafion, not shown in Figure 3.12, 
was measured as 1.94 g/mL, which compares with that reported by others, 2.05 g/mL.21 
There is a large decrease in density when Nafion is hydrated in water (1.58 g/mL), which 
agrees well with other findings.39 The density decreases further with increasing methanol 
concentration, eventually reaching 1.16 g/mL in pure methanol. The solid line in Figure 
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3.12 is a calculated density based on volume additivity between the polymer and 
solvents. This calculation was performed by first finding the methanol/water 
concentration in the membrane from multicomponent sorption. The density of 
methanol/water mixtures from established thermodynamic data was used, which accounts 
for the volume change on mixing between methanol and water.130 Unless dissolution 
takes place, which was not observed, the mass of polymer is unchanged and the dry 
density is known. The density of the polymer/solvent system was calculated as the 
concentration weighted sum of the mixture density and the polymer density. As can be 
seen is Figure 3.12, volume additivity does not hold in this system. This is not surprising 
because there are strong ionic interactions between the solvents and polymer. In other 
words, the difference between measured and calculated densities should correspond to the 
volume change upon mixing between methanol/water and Nafion. 
 
One of the reasons FTIR-ATR is unique is because it provides multicomponent sorption 
data, which allows for the calculation of partition coefficients for both methanol and 
water in Nafion. Figure 3.13 displays the partition coefficients of methanol, KM=CM/CBm 
(), and water, KW=CW/CBw (), versus equilibrating solution concentration. CBm and 
CBw are the concentrations of methanol and water, respectively, in solution. As methanol 
solution concentration increases, the water partition coefficient remains constant at 
approximately 0.4. The methanol partition coefficient obtained from FTIR-ATR sorption 
compares well with that obtained from the transport data (K = P/D) shown in Figure 3.6. 
The methanol partition coefficient increases at low methanol concentration. Then it 
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decreases from 1.37 to 0.65 with increasing methanol solution concentration from 2 to 
24.7 M with a maximum at a methanol solution concentration of 2 M. This maximum in 
partition coefficient at low methanol concentrations coincides with other research 
findings, where Ren et al.120 report on partition coefficients of methanol in Nafion using 
NMR at methanol solution concentrations of 0.5, 1, 2, 4, and 8 M. The average methanol 
partition coefficient in this work (~1.0) is similar to that of Skou et al.118 (0.945). This 
maximum is interesting and may suggest cooperative swelling of water and methanol in 
Nafion. The idea of cooperative swelling is further supported by consideration of the 
Hildebrand solubility parameters. One of the solubility parameters of Nafion, 16.7 
(cal/cm3)1/2, falls in between those of methanol, 14.5 (cal/cm3)1/2, and water, 23.4 
(cal/cm3)1/2.131 
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Figure 3.13. Partition coefficient [K=P/D (), KM=CM/CB (), KW=CW/CBw ()] versus 
bulk methanol solution concentration. Note: Closed symbols are the pure component 
partition coefficients in Nafion. CBw is bulk water concentration. 
 
 
In this work, partition coefficients were calculated on a molarity basis as is standard. It 
would be more simple to use weight % because gravimetry measures concentration in the 
membrane on a weight percent basis. However, doing so neglects the volume change of 
the system. For instance, the partition coefficient of water on a weight percent basis is 
0.26 ± 0.03. If concentrations are converted to a volume basis, using the measured 
densities as was done in this work, the partition coefficient of water in Nafion over the 
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entire range of methanol concentrations averages 0.39 ± 0.02. In addition, if the volume 
change is not accounted for, then the agreement is less between methanol partition 
coefficients measured with multicomponent sorption ( in Figure 3.13) and those 
measured with transport (P/D,  in Figure 3.13).  
 
3.3.4. Transport 
The combination of the effective methanol diffusion coefficient (obtained from time-
resolved FTIR-ATR spectroscopy) and methanol concentration in Nafion (obtained from 
calibrating equilibrium FTIR-ATR spectroscopy with gravimetric sorption) allows for the 
calculation of the methanol diffusive flux:  
  
€ 
JD =
DΔCM

 (3.6) 
Figure 3.14 compares methanol flux in Nafion from FTIR-ATR spectroscopy to a 
methanol flux obtained using a standard permeation experiment as a function of methanol 
solution concentrations:  
  
€ 
JP =
PΔCB

 (3.7) 
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Figure 3.14. Flux [jD=DΔCM/ℓ () and jP=PΔCB/ℓ ()] versus bulk methanol solution 
concentration. 
 
 
where ΔCB and ΔCM are the gradients in methanol solution concentration and methanol 
concentration in Nafion, respectively, across the membrane. Figure 3.14 shows that the 
fluxes calculated from two independent techniques compare well with one another at all 
methanol solution concentrations and that the flux increases linearly by three orders of 
magnitude with increasing methanol solution concentration from 3.9 x 10-9 (0.1 M) to 
2.54 x 10-6 mol/cm2 s (16 M). A pseudo early-time approximation was used to calculate 
the concentration gradient for each flux; constant concentration at one side of the 
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membrane and no methanol at the other side. Wet thicknesses were also used in the 
calculation of the fluxes.  
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Figure 3.15. Contribution that each component has on the diffusive flux increase for bulk 
methanol solution concentration ranges of 0.1-2 mol/L (open bars), 2-16 mol/L (solid 
bars), and 8-16 mol/L (shaded bars), where x is CM or D. 
 
 
In this study, the calculation of diffusive flux from the time-resolved FTIR-ATR 
spectroscopy technique allows for the determination of the effect that the diffusion 
coefficient and the concentration of methanol in the membrane have on the flux as a 
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function of changing methanol solution concentration. These are specific parameters that 
cannot be measured in multicomponent systems with standard techniques, such as 
permeation or dynamic gravimetric sorption. The increase in diffusive flux (equation 3.6) 
with increasing methanol solution concentration can be expresses as a log difference: 
  
€ 
ln JD2( ) − ln JD1( ) = ln
D2CM 2
 2
 
 
 
 
 
 − ln D1CM1
1
 
 
 
 
 
  (3.8) 
By rearranging, the flux change can be expressed as a sum of diffusion, concentration and 
thickness changes. 
  
€ 
ln JD2JD1
 
 
 
 
 
 = ln D2D1
 
 
 
 
 
 + ln CM 2CM1
 
 
 
 
 
 + ln 1
 2
 
 
 
 
 
  (3.9) 
These contributions are shown in Figure 3.15. Over all three concentration ranges, the 
contribution from concentration is the greatest. In addition, there is a positive 
contribution from an increase in the diffusion coefficient, although, as discussed, much or 
all of the increase in diffusion coefficient may be attributable to an increase in free 
volume, which is caused by the methanol concentration in the membrane. Finally, there is 
a negative contribution from the thickness because as methanol swells the membrane it 
becomes thicker, retarding methanol flux. As the methanol solution concentration 
increases from 2 to 16 M, the concentration of methanol in the membrane has the most 
significant impact on increasing methanol flux (72.6%). Finally, as a smaller 
concentration range at higher methanol concentration is considered, the explicit 
contribution from methanol concentration in Nafion decreases and the contribution from 
an increased methanol diffusion coefficient increases. In other words, the free volume 
effect increases, probably because the concentration range of 8 to 16 molar is near the 
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cooperative swelling maximum. These results imply that methanol sorption is the main 
contribution to high methanol flux (crossover) at high methanol solution concentrations.  
 
3.3.5. Proton Conductivity 
The significant increase in methanol flux with increasing methanol solution concentration 
results in a competitive reaction at the cathode in the DMFC referred to as a mixed 
potential. This appears to be the main reason for significant absolute power loss in a 
DMFC with increasing methanol feed concentration. However, increasing methanol in 
the membrane may also have a negative impact on proton conductivity, which can also 
lead to power losses in the DMFC. To probe the magnitude of this effect, two electrode 
conductivity tests (through the plane of the membrane; the desired direction for the 
DMFC application) were performed on Nafion at various conditions: dry, hydrated, and 
equilibrated in methanol solutions (0.1, 1, 2, 4, 8, 16 M) and pure methanol (Figure 3.16). 
From Nafion equilibrated in pure water to 8 M methanol, the proton conductivity 
decreased from 0.031 to 0.019 S/cm, and then plateaud to a nearly constant value with 
increasing methanol concentration (pure methanol: 0.017 S/cm). In other words, less than 
a two-fold decrease in proton conductivity is observed when comparing Nafion 
equilibrated in water to that in methanol. Similarly, a three- to four-fold decrease in 
proton conductivity was observed by other researchers when comparing Nafion 
equilibrated in water to methanol using a four-electrode technique (in the plane of the 
membrane).126,132 
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Table 3.4 lists proton conductivity of Nafion membranes equilibrated in methanol/water 
solutions. Nafion proton conductivity decreases with increasing methanol concentration 
(decreasing water content in the membrane). Proton conductivity decreasing with 
decreasing water content has been demonstrated for polyelectrolyte membranes 
equilibrated with activities of water vapor.39 Interestingly, this study shows that a similar 
relationship holds for fully liquid swollen membranes. The decrease in proton 
conductivity with increasing methanol concentration from 31 mS/cm in pure water to 17 
mS/cm in pure methanol is slight compared to the large increase in methanol flux, and 
therefore should contribute little to DMFC performance decrease. In fact, the significant 
conduction ability of Nafion swollen purely with methanol suggests methanol can solvate 
the sulfonic acid sites of Nafion. 
 
Table 3.3. Hydrated Nafion proton conductivity as a function of methanol bulk solution 
concentration. 
CBm  
(wt%) 
0 3 6 13 27 57 100 
σ 
(mS/cm) 
31 30 27 24 19 17 17 
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Figure 3.16. Nafion conductivity versus bulk methanol solution concentration: dry Nafion 
(), hydrated Nafion (), Nafion equilibrated in methanol/water mixtures (0.1, 1, 2, 4, 8, 
and 16 M) (), and methanol-equilibrated Nafion (). 
 
 
In contrast to comparing water to methanol, an order of magnitude conductivity 
difference was observed when comparing hydrated (0.031 S/cm) to dry (0.0013 S/cm) 
Nafion. These results agree with the findings of Edmondson and Fontanella using a two-
electrode technique to measure conductivity in Nafion 117: 0.0275 S/cm (hydrated) and 
0.001 S/cm (dry).34 Even more significant differences between hydrated and dry Nafion 
have been observed by others using a four-electrode technique.23,33  
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The slight decrease in conductivity from water to methanol equilibrated Nafion suggests 
that the proton transport mechanism transitions from hydronium (protonated water) to a 
protonated methanol based mechanism. If protonated methanol were not a mode of 
proton transport, one would anticipate a much larger reduction in proton conductivity 
than what has been observed. Several factors may contribute to slightly lower proton 
conductivities in methanol compared to water-equilibrated Nafion. First, methanol forms 
a less extensive network of hydrogen bonds in Nafion, therefore any Grotthus conduction 
that may have been present with hydronium conduction may be diminished in protonated 
methanol conduction.79 Second, methanol is a larger molecule with a smaller diffusion 
coefficient compared to water. In other words, protonated methanol will move slightly 
slower than hydronium ions, assuming that hydronium ions do not make diffusion jumps 
as larger hydrogen-bound clusters (e.g., H5O2+, H7O3+). Third, the hydrocarbon portion of 
methanol may interact with the hydrophobic backbone of Nafion, effectively introducing 
extra drag at the edges of the ionic channels. Despite the three drawbacks to methanol 
conduction of protons, pure methanol swollen Nafion still has a proton conductivity on 
the same order of magnitude as water swollen Nafion. Finally, the modest decrease in 
proton conductivity is not significant compared to the increase in methanol flux (~three 
orders of magnitude). 
 
Selectivity analysis requires converting proton conductivity to proton flux. Proton flux, 
JH+, can be expressed using the Nernst-Planck equation:110 
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€ 
− jP = DPCP
∇CP
CP
+ zP
F∇φ
RT
 
 
 
 
 
  (3.10) 
 
where DP and CP are, respectively, the diffusion coefficient and concentration of protons. 
€ 
∇CP  is the concentration gradient, zP is the charge number (+1 for protons), F is 
Faraday’s constant (96485.34 C/mol), 
€ 
∇φ  is the voltage gradient, and R is the gas 
constant. For conductivity experiments, the membrane is in equilibrium with the solution 
in which it is immersed, where there are no concentration gradients, and the only driving 
force is the electric potential. Therefore, the flux of protons can be expressed as: 
€ 
JP =
σ
F ∇φ  (3.11) 
where the gradient of the electrostatic potential is 10 mV divided by the thickness of the 
membrane, which is known at each concentration and conductivity is defined by the 
Nernst-Einstein equation:133  
€ 
σ =
DPCPF 2
RT  (3.12) 
Figure 3.17 depicts proton/methanol selectivity expressed as proton flux divided by 
methanol flux as a function of proton flux. The highest selectivity, 9.2x10-3, and proton 
flux, 1.4x10-7 mol/cm2 s, are at the lowest methanol concentration, 3 wt% (1 M). The 
lowest selectivity, 2.8x10-4, and proton flux, 7.5x10-8 mol/cm2 s, are at the highest 
methanol concentration, 57wt% (16 M). In an ideal DMFC membrane, the 
proton/methanol selectivity and proton flux would remain high as the methanol solution 
concentration is increased. Unfortunately, for Nafion the proton/methanol selectivity 
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decreases almost 2 orders of magnitude. This reiterates the need to exclude methanol 
from DMFC membranes. 
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Figure 3.17. Proton flux to methanol flux in Nafion equilibrated with methanol/water 
solutions versus proton flux. Solid line is an exponential trend line. 
 
 
3.3.6. Multicomponent Diffusion 
The sorption and proton conductivity measurements suggest that methanol is present in 
the ionic regions of Nafion. In addition, with the use of FTIR-ATR spectroscopy, 
multicomponent sorption (Figure 3.10) and the molecular diffusion of methanol (Figure 
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3.3) can be measured. Therefore, it would be of great interest to measure the transient 
counter-diffusion of water  (multicomponent diffusion) using FTIR-ATR spectroscopy as 
the boundary condition is changed from pure water to a methanol/water mixture. With the 
ability to measure an array of frequencies that are specific to each molecular bond 
vibration in the diffusant/polymer system, FTIR-ATR can measure the sorption kinetics 
or diffusion of multiple components.  
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Figure 3.18. Infrared spectra of 2 M methanol diffusion in hydrated Nafion at selected 
time points. Insets show decrease of water H-O-H bending band and increase of the 
methanol C-O stretching band as a function of time. 
 
 
Figure 3.18 shows time-resolved spectra of 2 M methanol diffusing into hydrated Nafion. 
The insets show the absorbance decrease of water H-O-H bending and the absorbance 
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increase of methanol C-O stretching. The absorbance can be measured at each time point 
and plotted versus time to yield a diffusion curve like that in Figure 3.19.  
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Figure 3.19. Time-resolved normalized absorbance for the water H-O-H bending 
vibration. Solid line is the regression to the ATR solution, equation 1.42, for the 
determination of water effective counter-diffusion coefficient for 2 M methanol diffusion 
into hydrated Nafion (D = 3.67 x 10-6 cm2/s). 
 
 
Figure 3.19 shows time-resolved FTIR-ATR spectroscopy data for diffusion of water out 
of Nafion when hydrated Nafion is exposed to a solution concentration of 2 M methanol. 
More specifically, the plot shows the normalized absorbance of the band located at 1640 
 96 
cm-1, which represents water-bending vibrations changing with time. As the boundary 
condition for the membrane changes from water to a methanol/water mixture, methanol 
diffuses into the membrane, while water diffuses out of the membrane (i.e., 
multicomponent counter diffusion). Therefore, the concentration gradient of water may 
have an impact on the flux of methanol. As a first approximation, effective diffusion 
coefficients were calculated by regressing the time-resolved data for water to a binary 
Fickian model (equation 1.42). The diffusion coefficients for water are listed in Table 3.4 
along with the diffusion coefficients for methanol as a function of methanol solution 
concentration. The diffusion coefficients for water are similar at low methanol 
concentrations (1 – 4 M) and increase at higher methanol concentrations (8 and 16 M). 
This increase may be attributed to higher polymer swelling with increasing methanol 
concentration (Figure 3.10), which results in higher diffusion coefficients due to more 
free volume. The effective diffusion coefficients for water in Nafion compare well with 
those reported in the literature: 6.15 x 10-6 ± 2.06 x 10-6 cm2/s.33,35,79,121,123 
 
Table 3.4. Water and methanol effective diffusion coefficients. 
CB (mol/L) DW x 10-6 (cm2/s) DM x 10-6 (cm2/s) 
1 4.15 ± 0.71 2.61 ± 0.03 
2 4.06 ± 0.55 2.64 ± 0.11 
4 4.07 ± 0.56 2.80 ± 0.57 
8 5.63 ± 0.12 4.32 ± 0.09 
16 5.16 ± 0.02 5.84 ± 0.04 
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With the exception of 16 M, the effective water diffusivities are higher than methanol. 
However, a binary model does not account for multicomponent diffusion effects (i.e., the 
effect of the concentration gradient of water on the flux of methanol). A multicomponent 
diffusion model or coupled continuity equations for each diffusant is more appropriate 
now that time-resolved FTIR-ATR spectroscopy provides data for each diffusant 
simultaneously in the polymer. A multicomponent model is presented in Appendix B. It 
shows that the multicomponent effects are small and can be neglected.  
 
The average water and methanol diffusion coefficients are shown in Figure 3.20 as a 
function of the water and methanol concentrations in Nafion, respectively. The effective 
methanol diffusion coefficients () are plotted against the methanol concentration in the 
membrane and increase from 2.61 ± 0.05 x 10-6 cm2/s at 3 ± 0.1 wt% to 5.84 ± 0.06 x 10-6 
cm2/s at 33 ± 0.4 wt%. The water diffusion coefficients () are plotted versus the water 
concentration in the membrane. Both methanol and water diffusion coefficients are not 
strong functions of their respective concentrations. 
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Figure 3.20. Semilog plot of effective methanol diffusion coefficients () and water 
counter-diffusion coefficients () in Nafion versus their respective concentrations within 
the membrane. 
 
 
Fluxes of methanol and water in Nafion can be calculated by combining the steady-state 
and transient FTIR-ATR data. As Figure 3.20 shows, the diffusion coefficient and 
concentration in the membrane of each component is known for each experiment. Water 
flux is calculated the same as methanol flux: 

WW
W
CDJ Δ=  (3.13) 
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Figure 3.21. Methanol flux, JM=DMΔCM/ℓ (), and water flux, JW=DWΔCW/ℓ (), 
plotted versus equilibrating methanol solution concentration. Solid lines are linear fits to 
the data. 
 
 
During a transient experiment, initially the entire membrane is hydrated with water, 
having a concentration, Co, of 25.6 wt% water and 0.0 wt% methanol. When the 
experiment begins, the concentration in the membrane at the interface with the solution 
equals the concentration that the entire membrane will reach at steady state, Ceq. So the 
concentration gradient used to calculate the initial, maximum flux is:  
oeq CCC −=Δ  (3.14) 
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The resulting flux has been converted to conventional units (mol/cm2 s) with the system 
density from Figure 3.12 and the molecular weight of each solute. As shown in Figure 
3.21, the methanol flux increases with increasing concentration of the solution from 1.51 
± 0.07 x 10-5 mol/cm2 s at 3 wt% methanol to 27.0  ± 0.9 x 10-5 mol/cm2 s  at 57 wt% 
methanol. The water flux also increases, from 1.92  ± 0.33 x 10-5 mol/cm2 s at 3 wt% 
methanol to 17.4 ± 0.9 x 10-5 mol/cm2 s at 57 wt% methanol. The methanol flux increases 
more steeply than the flux of water, which is undesirable.  
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Figure 3.22. Sorption selectivity (), diffusion selectivity (), and flux selectivity () 
of Nafion, where selectivity is the ratio of the water concentration in the membrane, 
diffusion coefficient, or flux, respectively, to that of methanol. Solid lines are trend lines. 
 
 
A better DMFC membrane would demonstrate a shallower slope of methanol flux. To 
consider the issue from the perspective of selectivity, each of the water coefficients can 
be ratioed to the corresponding methanol coefficient. A higher selectivity equates to a 
better performing DMFC membrane. This is shown in Figure 3.22. Interestingly, a 
DMFC using Nafion performs best with less than 10 wt% methanol feed, which 
corresponds to a high sorption selectivity in Figure 3.22. Although the diffusion and flux 
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selectivities of Nafion decrease with increasing methanol concentration, it is slight 
compared to the order of magnitude decrease in sorption selectivity (8.8 to 0.35 from 3 
wt% to 57 wt% methanol). In order to operate DMFCs at higher methanol concentrations, 
the sorption selectivity for water over methanol of the PEM must be improved. 
 
Table 3.5. Water and methanol concentrations in the membrane, effective diffusion 
coefficients, and fluxes. 
CBm  
(wt%) 
CM  
(wt%) 
CW  
(wt%) 
DM x 10-6 
(cm2/s) 
DW x 10-6 
(cm2/s) 
JM x 10-5 
(mol/cm2s) 
JW x 10-5 
(mol/cm2s) 
0 0.0 25.6±0.2     
3 2.7±0.1 24.4±0.6 2.61±0.03 4.15±0.71 1.51 ± 0.07 1.92 ± 0.33 
6 5.6±0.01 23.2±0.1 2.64±0.11 4.06±0.55 3.09 ± 0.30 3.49  ± 0.54 
13 11.3±0.3 22.2±1.1 2.80±0.57 4.07±0.56 6.34 ± 1.29 4.63 ± 0.67 
27 20.2±0.8 18.3±0.1 4.32±0.09 5.63±0.12 15.2 ± 0.8 12.5 ± 0.4 
57 33.0±0.4 11.7±0.5 5.84±0.04 5.16±0.02 27.0 ± 0.90 17.4 ± 0.9 
100 44.1±2.6 0.0     
 
 
3.4. Conclusions 
Time-resolved FTIR-ATR spectroscopy is a powerful technique that allows for the 
measurement of multicomponent sorption and diffusion on a molecular scale within the 
polymer in real time. Using this technique, effective mutual diffusion coefficients and 
multicomponent sorption of methanol and water in Nafion were measured as a function 
of methanol solution concentration. The methanol diffusion coefficient increased 
exponentially, while the methanol and water concentrations in the membrane increased 
and decreased, respectively, with increasing methanol solution concentration. The 
partition coefficients determined in this study for methanol and water were on average ~1 
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and ~0.4, respectively. This data shows that methanol preferentially sorbs into and swells 
Nafion, which also contributes to higher diffusion coefficients with increasing methanol 
solution concentrations (free volume effect). In fact, methanol flux increased three orders 
of magnitude from 0.1 to 16 M methanol solution concentration, where the methanol flux 
measured with ATR (from the methanol diffusion coefficient and methanol concentration 
in Nafion) matched the flux measured using a conventional permeation technique (from 
the methanol permeability coefficient and methanol solution concentration). These results 
quantitatively show that the main contributing factor to the increase in methanol flux is 
from methanol sorption in Nafion and not the increase in methanol diffusion. These 
results suggest that DFMC performance and efficiency can be improved by developing 
PEMs that sorb less methanol, while maintaining a high proton conductivity. 
 
FTIR-ATR is a powerful tool for studying selectivity in polymers, because it is able to 
measure not only multicomponent sorption, but also multicomponent diffusion with a 
single experiment. This ability allows the relation between diffusion and sorption to be 
examined directly. Since the concentration in the membrane and the diffusion coefficient 
for methanol and water can now be measured, the concentration dependence of the fluxes 
can be effectively examined, and are seen to increase with increasing methanol 
concentration. Furthermore, the sorption, diffusion, and flux selectivities were examined 
and decreased with increasing methanol concentration, sorption selectivity most 
significantly. This work shows that improving PEMs for the DMFC requires reducing the 
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concentration dependence of the methanol flux and improving the sorption selectivity of 
the membrane for water and protons over methanol. 
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Chapter 4. Transport of Water in Nafion 
 
 
 
 
4.1. Introduction 
Several researchers have measured the diffusion of water in Nafion using various 
techniques, including conventional techniques, such as dynamic vapor sorption21,123,134,135 
and permeation,136-138 as well as less common techniques, such as pulsed field gradient 
nuclear magnetic resonance (PFG-NMR) spectroscopy,23,33,139-142 in situ vapor sorption 
small angle neutron scattering (iV-SANS),29 and quasi-elastic neutron scattering 
(QENS).143 Figure 4.1 shows all the diffusion coefficients reported from these studies on 
one common plot. One major initial observation from this plot is that the reported 
diffusion coefficients vary by 4 orders of magnitude.  
 
It is important to note that two different types of water diffusion coefficients are being 
shown in Figure 4.1: mutual diffusion coefficients (measured with conventional 
techniques) and self-diffusion coefficients (measured with less common techniques). The 
difference between mutual and self-diffusion coefficients are that the former are 
measured from transient concentration under non-equilibrium conditions in the presence 
of a concentration gradient, while the latter are measured by exciting the molecule of 
interest and observing its relaxation at or near equilibrium in the absence of a 
concentration gradient.  A few studies using vapor sorption and permeation report a 
similar trend of increasing and then decreasing mutual diffusion coefficient with 
increasing water vapor activity with a maximum in diffusivity at a mid-range 
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activity.21,134,137 Despite this agreement in trend among several studies, the actual values 
for the mutual diffusion coefficients measured from these conventional techniques still 
vary by up to 3 orders of magnitude.  
 
Among the PFG-NMR studies, there appears to be a closer agreement among the self-
diffusion coefficients reported from different studies. Several of the less common 
techniques also provide more information compared to conventional techniques, such as 
molecular level resolution of the water-Nafion system. However, the mutual diffusion 
coefficients measured from vapor sorption and permeation may be a more useful tool as it 
applies to the fuel cell application, since thermodynamics (water solubility and 
concentration gradient) are not neglected.  
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Figure 4.1.  Reported diffusion coefficients of water in Nafion using various experimental 
techniques:  vapor sorption (21, 134, 123, 138), permeation (136, 137, 138), NMR 
(139, 23, 33, 140, 141, 142), iV-SANS (29), and QENS (143). 
 
 
In this study, the diffusion of water in Nafion was measured using time-resolved Fourier 
transform infrared - attenuated total reflectance (FTIR-ATR) spectroscopy. Similar to 
conventional techniques, this technique measures a mutual diffusion coefficient in the 
presence of a concentration gradient. However, unlike conventional transport 
measurements, time-resolved FTIR-ATR spectroscopy provides molecular-level contrast 
between diffusant(s) and the polymer as the entire mid-infrared spectrum of both are 
 108 
measured in situ as a function of time. In other words, time-resolved FTIR-ATR 
spectroscopy combines the benefits of both techniques.  
 
Several studies have reported on the mid-infrared spectra of the water/Nafion system at 
equilibrium.20,24,102,103,144 This current study differs in that the dynamics of water vapor 
sorption and desorption were measured using time-resolved FTIR-ATR spectroscopy, 
where these results have an impact on the hydrogen fuel cell. Other investigators have 
noted that the dynamics of water vapor in dry Nafion can result in both non-Fickian 
behavior and mass transfer resistance at the vapor/polymer interface.123,145-148 These 
phenomena were considered in this study, in addition to investigating a more accurate 
determination of the diffusion coefficient, with a systematic investigation of water 
dynamics in Nafion as a function of water vapor activity and flow rate using time-
resolved FTIR-ATR spectroscopy. 
 
4.2. Experimental 
4.2.1. Diffusion (Time-Resolved FTIR-ATR Spectroscopy) 
Relative humidity was controlled by bubbling compressed air, at a controlled flow rate, 
through a specific salt solution in a temperature-controlled tank (1000 mL, AceGlass) 
then through a temperature-controlled connector (30 cm long, AceGlass), which was 
attached to the temperature-controlled ATR cell. A circulating water thermal bath 
(NESLab RTE10) was used to control the temperature of the tank, connector, and ATR 
cell at 30.0 ± 0.1°C for all diffusion experiments. Relative humidities of 22, 43, 56, and 
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80% were generated with corresponding saturated aqueous salt solutions of KC2H3O2, 
K2CO3, NaBr, KBr, respectively, while 100% RH was generated using pure RO water. 
 
For each diffusion experiment, a background spectrum of the ATR crystal was collected. 
After recording and saving a background spectrum, the flow-through ATR cell was 
opened and the ATR crystal removed. A hydrated, pre-cut section of Nafion 117 was 
placed onto the crystal. Note that the original 7 x 1 cm pre-cut Nafion membrane swells 
in water and therefore was trimmed again to the exact size of the ATR crystal. The 
membrane-covered crystal was then returned to the cell and the cell was tightened. A 
Kalrez gasket was used to ensure adequate adhesion between membrane and crystal. The 
membrane was then dried for 4 hrs by flowing dry air through the ATR cell.  
 
Two types of ATR diffusion experiments were performed: (1) integral experiments, 
which include separate experiments that all have an initial condition of 0% RH at the 
vapor/polymer interface and can include large concentration gradients (e.g., 100% RH at 
t > 0) and (2) differential experiments, which include a series of experiments with smaller 
concentration gradients (e.g., vapor/polymer interface boundary condition was changed 
from 0 to 22% RH until steady state was achieved and then changed from 22 to 43% RH 
and so on). This vocabulary, integral and differential, has been adapted from other 
investigators.149 More specifically, to begin each integral diffusion experiment, at a 
carefully recorded time the dry air (0% RH) was removed from the vapor/polymer 
interface and a selected relative humidity (22%, 43%, 56%, 80%, or 100% RH) air was 
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imposed at that interface. For differential experiments, the vapor/polymer interface was 
cycled from 0% RH to 100% RH (sorption) and back to 0% RH (desorption) in 
approximately 20% RH increments allowing for steady state to be achieved at each 
increment. 
  
For all experiments air flow rate was controlled by a rotameter (Matheson Tri-Gas). In 
this study, the effect of flow rate on mass transfer resistance was investigated using flow 
rates ranging from 3 to 150 mL/min. The ATR cell outlet was bubbled through a beaker 
of water to verify the flow rate through the entire system. With a flow rate of 150 
mL/min, the ATR cell (V = 550 µL) was completely refreshed 58 times per data point 
(spectrum). 
 
At least three integral and three differential diffusion experiments were conducted at each 
relative humidity (22%, 43%, 56%, 80%, and 100%). Immediately following each 
experiment, the membrane thickness was measured with a digital micrometer (Mitutoyo) 
with 1 µm accuracy. These thicknesses were used in the calculation of each diffusion 
coefficient to accurately account for the increase in thickness with increasing humidity. 
Each thickness measurement was the average of 5 readings at different positions on the 
membrane. The average standard deviation was 4% of the average thickness. The 
measured thicknesses are reported in Table 4.1. 
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Table 4.1. Nafion thickness as a function of relative humidity. 
% RH Thickness (µm) 
22 131.5 ± 3.1 
43 137.5 ± 2.8 
56 137.4 ± 3.8 
80 139.4 ± 5.7 
100 179.5 ± 11.6 
 
 
4.3. Results 
4.3.1. Integral Diffusion 
Figure 4.2 shows time-resolved infrared spectra of a selected integral diffusion 
experiment: 80% RH water vapor diffusing into dry Nafion 117. The inset in Figure 4.2 
shows the O–H stretching absorbance at 3450 cm-1 and H–O–H bending band at 1630 
cm-1 of water increasing with time, which represents the diffusion of water in Nafion to 
the region close to the polymer/crystal interface. The dissociation of anhydrous sulfonic 
acid, SO3H, to protonated water ions, (H2O)nH+, and sulfonate anions, SO3-, was also 
observed. This was shown by a decrease in the anhydrous sulfonic acid (SO3H) stretching 
bands at 2722 and 2220 cm-1 and an increase in the protonated water ion ((H2O)nH+) 
bending band at 1715 cm-1 and the sulfonate anion (SO3-) stretching at 1060 cm-1 (not 
shown in inset).20,24,102,103,144,150-152  
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Figure 4.2. Infrared spectra of water vapor (80% RH) diffusing into dry Nafion at 
selected time points. Inset shows increase of the O-H stretching and H-O-H bending 
bands as a function of time. Arrows show direction of spectral change with time.  
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Figure 4.3. Time-resolved absorbance of the water O-H stretching band during water 
vapor diffusion into dry Nafion. Each experiment was from dry conditions to the 
designated relative humidity (22% , 43% , 56% , 80% , and 100% RH ). Some 
data points were omitted for clarity. 
 
 
The area of the O–H stretching absorbance of water (at 3450 cm-1) was integrated at each 
time point over the range of 3774 cm-1 to 2874 cm-1. Figure 4.3 shows the integrated 
areas as a function of time for integral experiments 22%, 43%, 56%, 80%, and 100% RH. 
First, the steady-state absorbance increases with increasing activity of the vapor phase. 
Second, the rate or early-time slope appears to increase with increasing activity in the 
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vapor phase. Finally, the data shows an interesting slow approach to final steady state 
only for the 0% to 100% RH experiment.  
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Figure 4.4. Normalized, time-resolved absorbance of the water O-H stretching band 
during water vapor diffusion into dry Nafion. (22% , 43% , 56% , 80% , and 
100% RH ). Some data points were omitted for clarity. 
 
 
Figure 4.4 shows the data in Figure 4.3 normalized to each equilibrium value to highlight 
several additional key observations. The 22% RH experiment has a time-lag before a 
steep slope. The 43% RH experiment has no significant time lag and a steep early-time 
slope. The early-time slope increases further in the 56% RH experiment, but decreases 
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when the vapor phase concentration was increased to 80% and 100% RH. Qualitatively, 
the time lag and the shape of the diffusion curve in the 22% and 100% RH integral 
diffusion experiments, respectively, are signs of non-Fickian behavior. 
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Figure 4.5. Normalized, time-resolved absorbance of the water O-H stretching band 
during integral water vapor diffusion into dry Nafion of a dry to 22% RH experiment. 
Solid line is a regression to the Fickian diffusion model (equation 1.42) with D = 3.90 x 
10-7 cm2/s; dashed line is a regression to a simple Case II model with v = 5.8 x 10-5 cm/s. 
 
 
Figure 4.5 shows a low humidity, integral experiment (0% to 22% RH) and a regression 
to the binary, Fickian diffusion model (equation 1.42), where the diffusion coefficient 
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was the only adjustable fitting parameter. This poor regression confirms non-Fickian 
behavior. There are several forms of non-Fickian behavior. Case II diffusion is a common 
one that is often observed in glassy polymers, where the rate-limiting process is polymer 
relaxation instead of the diffusant concentration gradient. Since the fundamentals of 
diffusion in polymers were largely developed using gravimetric sorption, the time 
dependence of mass uptake is frequently used to differentiate Fickian diffusion from Case 
II diffusion. While Fickian mass uptake scales with the square root of time, Case II 
diffusion scales linearly with time. An explanation for this phenomenon has been 
observed not only by index of refraction changes for methanol diffusion in 
polymethlymethacrylate (PMMA),79 but also with n-hexane in polystyrene where a 
visible crazing front was optically observed.80 Due to these observations, Case II 
diffusion has traditionally been defined as a constant concentration front moving at a 
constant velocity into the polymer controlled by polymer relaxation swollen by the 
diffusant. Fieldson and Barbari98 have developed FTIR-ATR models for several diffusion 
modes, including a simple Case II diffusion model. The constant diffusant concentration 
moving at a constant velocity was represented by the Heaviside step function and 
integrated according to the evanescent wave equation (equation 1.41) yielding: 
  
€ 
A
Aeq
=
1− e2γv
1− e2γ  (4.1) 
where γ is the evanescent wave decay constant (the inverse of the depth of penetration, 
dp, equation 1.33), ℓ is the membrane thickness, and ν is the velocity of the diffusant 
front. Figure 4.5 also shows a regression of the low humidity data to the Case II model 
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(equation 4.1; dashed line) using velocity as the only fitting parameter. Similar to the 
Fickian regression, the Case II model also regresses poorly to this data, suggesting that 
the non-Fickian nature of low humidity water diffusion in Nafion cannot be physically 
represented by a moving front of constant concentration. When experimental data lies in 
between Fickian and Case II behavior, this is typically referred to as anomalous diffusion. 
This behavior may result from the experiment capturing the acid dissociation reaction at 
low humidities on the same time scale as diffusion. Chapter 5 provides a model for this 
anomalous behavior by incorporating the acid dissociation reaction into the sorption 
kinetics. 
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Figure 4.6. Normalized, time-resolved absorbance of the water O-H stretching band 
during integral water vapor diffusion into dry Nafion of a dry to 80% RH experiment. 
Solid line is a regression to the Fickian diffusion model (equation 1.42) with D = 3.78 x 
10-7 cm2/s. 
 
 
Figure 4.6 shows another integral experiment, 80% RH water vapor diffusion in dry 
Nafion. Unlike the integral 22% RH data, the Fickian model regresses well to this data. 
The average effective diffusion coefficient for integral experiments (0% to 80% RH) was 
3.65 ± 0.64 x 10-7 cm2/s. For comparison, this diffusion coefficient is several orders of 
magnitude lower than the self diffusion of liquid water (2.2 x 10-5 cm2/s).153 In other 
moderate humidity (0% to 43% RH and 0% to 56% RH)  integral experiments, the water 
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vapor diffusion in dry Nafion was also Fickian and those results are presented in Table 
4.2.  
 
Table 4.2. Water diffusion coefficients in Nafion. 
 Average 
RH  
(%) 
Sorption  
D x 107  
(cm2/s) 
Sorption 
aError 
Desorption 
D x 107 
(cm2/s) 
Desorption 
aError 
21 3.19 ± 0.32 0.44 ± 0.37   
28 5.23 ± 0.87 0.33 ± 0.36   Integral experiments 40 3.28 ± 0.37 0.024 ± 0.012   
32 8.57 ± 2.68 0.066 ± 0.041 6.23 ± 1.56 0.089 ± 0.018 
49 5.64 ± 0.91 0.12 ± 0.07 11.1 ± 2.2 0.08 ± 0.08 
68 5.25 ± 1.25 0.19 ± 0.21 5.58 ± 0.30 0.093 ± 0.053 
Differential 
experiments 
90 3.95 ± 2.10 0.51 ± 0.91 3.56 ± 0. 98 0.11 ± 0.05 
aError between model and data normalized by the number of data points. 
 
In the 100% RH experiment, shown in Figure 4.7, the Fickian model does not regress 
well. Other investigators147,148 have observed similar water sorption kinetics in Nafion 
from 0% to 100% RH using gravimetry. This type of anomalous behavior has also been 
observed by other investigators for diffusion of organic vapors in glassy polymers and is 
indicative of diffusion and polymer relaxation occurring at similar time scales.154 Nafion 
relaxation from the swelling stress induced by water has been measured148 and has been 
shown to be significant. This appears to be a reasonable explanation for the diffusion-
relaxation phenomena observed, especially since from 0% to 100% RH Nafion thickness 
swells by 37%. Chapter 5 provides a model for this diffusion-relaxation phenomena, 
where the time-resolved infrared bands that represent chemical bonds in the polymer 
provide experimental evidence of relaxation to validate this modeling effort. 
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Figure 4.7. Normalized, time-resolved absorbance of the water O-H stretching band 
during integral water vapor diffusion into dry Nafion of a dry to 100% RH experiment. 
Solid line is a regression to the Fickian diffusion model (equation 1.42) with D = 3.71 x 
10-7 cm2/s. Some data points were omitted for clarity. 
 
 
4.3.2. Differential Diffusion 
Differential experiments, in which a smaller concentration step was taken, can simplify 
the transport analysis.155 In addition, these experiments can provide more accurate 
concentration-averaged diffusion coefficients. Figure 4.8 shows one differential 
experiment, where the integrated absorbance of the O-H stretching band of water in  
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Figure 4.8. FTIR-ATR absorbance during a differential diffusion experiment, where 
Nafion was cycled from dry conditions to 100% relative humidity and back to dry 
conditions in increments of approximately 20% RH. 
 
 
Nafion was plotted with time for a sequence of sorption stages. The starting condition for 
the experiment was dry Nafion (0% RH), but the starting condition for each successive 
step was the steady state condition from the previous step. This experiment included 
sorption stages (up to 100% RH) and desorption stages (back down to 0% RH). Between 
sorption and desorption, the absolute absorbance values for water in Nafion differ 
slightly. This may be related to the history dependence of water in Nafion, and these 
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differences are minimized here due to the strict pretreatment and drying procedures that 
were employed. More information regarding the history dependence of water in Nafion is 
detailed in the following discussion section. 
 
The first stage from 0 to 22% RH was normalized and is shown in Figure 4.9.  Similar to 
the integral data in Figure 4.5, non-Fickian behavior was observed, shown by a poor fit to 
both the Fickian model, indicated by the solid line, and the Case II diffusion model 
indicated by the dashed line. Another differential sorption experiment, from 43 to 56% 
RH, is shown in Figure 4.10. This data was in excellent agreement with a Fickian 
diffusion model. Similarly, Fickian behavior was observed for other differential sorption 
stages of 22 to 43% RH, 56 to 80% RH and also 80 to 100% RH. These observations 
(non-Fickian for 0 to 22% RH and Fickian for all other stages) were consistent with all 
differential experiments performed and also differential desorption stages. It should be 
noted that the desorption step (22 to 0% RH) is non-Fickian with a markedly different 
shape than the 0 to 22% RH sorption step. In particular, the desorption step has a slow 
approach to final steady state, which may be the result of the reverse acid dissociation 
reaction limiting full drying. 
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Figure 4.9. Normalized, time-resolved absorbance of the water O-H stretching band 
during differential water vapor diffusion into Nafion of a dry to 22% RH experiment. 
Solid line is a regression to the Fickian diffusion model (equation 1.42) with D = 2.53 x 
10-7 cm2/s; dashed line is a regression to a simple Case II model with v = 4.5 x 10-5 cm/s. 
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Figure 4.10. Normalized, time-resolved absorbance of the water O-H stretching band 
during differential water vapor diffusion into Nafion of a 43% to 56% RH experiment. 
Solid line is a regression to the Fickian diffusion model (equation 1.42) with D = 7.49 x 
10-7 cm2/s. 
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Figure 4.11. Normalized, time-resolved absorbance of the water O-H stretching band 
during differential water vapor diffusion into Nafion of a 80% to 100% RH experiment. 
Solid line is a regression to the Fickian diffusion model (equation 1.42) with D = 3.32 x 
10-7 cm2/s. 
 
 
Interestingly, the differential sorption stage of 80 to 100% RH was Fickian (Figure 4.11), 
whereas the integral sorption kinetics of 0 to 100% RH, shown in Figure 4.7, was non-
Fickian. This suggests that a rapid, large change in the concentration gradient from 
pseudo-glassy, dry Nafion to 100% RH saturated induces stresses that are not present 
when a smaller concentration gradient was imposed from an already swollen state (80% 
RH saturated). Note that the integral experimental time for dry Nafion to approach a 
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pseudo-steady state at 100% RH saturated was approximately three hours, whereas for a 
differential experiment, four hours was required for the same gradient due to successive 
equilibrium stages. It is evident in the 80 to 100% RH differential experiment that not 
only is the starting point a swollen polymer, but also the polymer has more time to relax 
over the entire period of the experiment (4 hours versus 3 hours). It is interesting to note 
that Satterfield and Benzinger148 measured the stress relaxation time constant for Nafion 
as a function of water vapor activity, where the time constant increased by two orders of 
magnitude from dry Nafion to Nafion equilibrated at 100% RH. This further suggests that 
for shorter experimental times (integral experiments), diffusion and relaxation can be on 
similar time scales, while for longer experimental times (differential experiments), a 
diffusion limiting case was observed (Fickian). 
 
4.3.3. Mass Transfer Resistance 
Several investigators have observed mass transfer resistance at the vapor/polymer 
interface for water vapor sorption kinetics in Nafion.123,145,148 In this work, differential 
experiments were performed with different flow rates, ranging from 3 mL/min to more 
than 150 mL/min, to investigate mass transfer resistance. Figure 4.12 shows one step 
(from 43% to 56% RH) of a differential experiment conducted at three different flow 
rates. This data suggests that an additional resistance (i.e., mass transfer or boundary 
layer resistance at the vapor/polymer interface) becomes a factor at lower flow rates as 
was observed for all differential steps.  
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Figure 4.12. Normalized, time-resolved absorbance of the water O-H stretching band 
during differential water vapor diffusion into Nafion from 43% to 56% RH and with the 
designated flow rates of 3, 23, or 150 mL/min. Solid lines are regressions to the solution 
of the ATR Fickian diffusion model with a mass transfer limited boundary condition 
(equation 4.4). 
 
 
When mass transfer resistance is significant, the boundary condition at the vapor/polymer 
interface changes from a constant concentration (equation 1.35) to: 
  
€ 
−D ∂C
∂z =
kc
K KCb −C( ) @ z = ; t ≥ 0  (4.2) 
where kc is the vapor phase mass transfer coefficient, Cb is the bulk concentration of the 
diffusant (water) in the vapor phase, and K is the partition coefficient or the ratio of 
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concentration of water in the polymer to that in the adjacent vapor phase. Non-
dimensionalizing the boundary condition results in a Biot number of:  
  
€ 
Bi = kcKD  (4.3) 
This is a ratio of mass transfer at the vapor/polymer interface to diffusion through the 
polymer. When Bi >> 1, the rate of mass transfer is high compared to diffusion and a 
diffusion-limited process should be observed, and when Bi << 1, the rate of diffusion is 
high compared to mass transfer and therefore a mass transfer-limited process should be 
observed. In this system, the minimum mass transfer coefficient, kc, can be calculated 
from kc = Db/δ, where Db is the diffusion coefficient of water in the vapor phase (~0.2 
cm2/s) and δ is the boundary layer thickness (maximum value ~0.1 cm, which is the gap 
space for vapor flow in the ATR cell), yielding kc ~ 0.02 cm/s. For a polymer thickness 
on the order of 0.02 cm, a diffusion coefficient for water in Nafion on the order of 10-7 
cm2/s and a partition coefficient on the order of 10,000, the Biot number is on the order 
of 0.1, suggesting that mass transfer resistance can be a factor when there is no vapor 
flow. The partition coefficient is high in this system because of the phase change from 
vapor to the condensed state in the polymer. For example, the concentration of water in 
the vapor phase at saturated conditions at 30oC is approximately 1.8 mmol/L, while the 
concentration of water in Nafion equilibrated at 100% RH is approximately 17 mol/L. 
Figure 4.12 suggests that as flow is increased, mass transfer is minimized at high flow 
rates (because the mass transfer coefficient scales with flow), thereby minimizing the 
mass transfer resistance at the vapor/polymer interface. 
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Fieldson and Barbari98 have solved the one-dimensional continuity equation (equation 
1.12) with the mass transfer boundary condition (equation 4.2) for time-resolved FTIR-
ATR spectroscopy: 
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(4.4) 
where βns are the positive roots of 
€ 
βn tan βn( ) =α , and 
  
€ 
α = Bi = kcKD . In equation 4.4, 
when α = ∞ then equation 1.42 (with no mass transfer resistance) is recovered. 
 
The data in Figure 4.12 was regressed to equation 4.4, where Bi was the only fitting 
parameter. The average diffusion coefficients determined from regressing equation 1.42 
to the high flow rate data (150 mL/min) were used as a fixed parameter for the data at all 
flow rates. Table 4.3 lists the results for the regressed Bi numbers at all flow rates for all 
experiments except 0 to 22% RH and 0 to 100% RH. The Bi numbers at low flow rates 
are on the order of 0.1, similar to the values predicted for a no flow experiment, further 
suggesting mass transfer resistance at low flow rates. However, at a flow rate of 150 
mL/min, the Biot number was on the order of 10 suggesting diffusion dominated 
phenomena. Experiments above 200 mL/min  (data not shown here) were also conducted, 
and these results were identical to the 150 mL/min experiments suggesting mass transfer 
resistance was no longer a factor at this flow rate. 
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Table 4.3. Biot Number as a function of vapor phase flow rate. 
Flow rate (mL/min) Bi 
3.3 ± 0.3 0.11 ± 0.03 
23.5 ± 1.9 0.40 ± 0.10 
111 4.06 
150 ± 7 15.50 ± 7.69 
 
 
In order to illustrate the importance of accounting for vapor phase mass transfer, the data 
in this study collected at different flow rates was also regressed to equation 1.42, where 
the diffusion coefficient was the only fitting parameter. In other words, the data at each 
flow rate was fit to the Fickian model with a constant concentration boundary condition 
assuming no mass transfer resistance. The diffusion coefficients at high flow rates were 
on the order of 10-7 cm2/s (Table 4.2), while the diffusion coefficients at low flow rates 
for all differential steps were an order of magnitude lower (10-8 cm2/s). Diffusion 
coefficients on this order of magnitude are similar to the values reported by others using 
no-flow experiments (gravimetry), in which the mass transfer resistance was not 
accurately accounted in the model regression. Because of the fast diffusion of water in 
Nafion and the large partition coefficient (phase change on water sorption from vapor 
into a condensed state in Nafion), vapor phase mass transfer can be significant in mutual 
diffusion experiments of water vapor into Nafion and could account for some of the 
variability in the reported mutual diffusion coefficients. With the exception of the mass 
transfer resistance study, all diffusion experiments reported in this work were performed 
at the high flow rate condition of 150 mL/min. 
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4.3.4. Accuracy 
Table 4.2 lists the mutual sorption and desorption diffusion coefficients determined in 
this study for both integral and differential experiments. Each reported diffusion 
coefficient is the average and standard deviation of multiple experiments at each 
condition, where diffusion coefficients were obtained from regressing each experiment to 
the Fickian ATR diffusion model (equation 1.42). The regression consisted of 
minimizing the sum of squared error between the model and the experimental data, where 
the diffusion coefficient was the only adjustable parameter. The average error and 
standard deviation of those regressions are also listed in Table 4.2. Integral experiments 
show a larger error compared to the differential experiments, which is likely due to the 
larger concentration step over which the concentration-averaged diffusion coefficients 
were regressed. The diffusion coefficients reported in Table 4.2 are only those 
determined from experiments that regressed well to the Fickian model. The two different 
types of non-Fickian behavior observed for the 0% to and from 22% RH and 0% to 100% 
RH experiments require more complex transport models. Regressing the simple Fickian 
diffusion model to these experiments will result in inaccurate diffusion coefficients and 
may be another reason for the large variability among reported mutual diffusion 
coefficients (Figure 4.1). 
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Figure 4.13. Mutual diffusion coefficients as a function of water vapor activity for 
integral sorption () and differential sorption () experiments, as well as those from 
literature (). The Fickian diffusion coefficients reported from this work were from 
experiments with no mass transfer resistance (high flow rate). 
 
 
It is also important to note the importance of the partition coefficient in calculating vapor 
phase mass transfer resistance. It has been shown that experiments at no or low flow rate 
(which is the case for many gravimetric experiments) are limited by mass transfer 
resistance. So instead of measuring water diffusion in Nafion, experiments with no or low 
flow rate are really merely a measure of mass transfer resistance or the rate of water 
partitioning from the vapor into the polymer. The diffusion coefficients reported in this 
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work were measured without mass transfer resistance (at high flow rate) and are, 
therefore, more reliable than experiments at low or no flow (Figure 4.13). Furthermore, 
because concentration and diffusion were measured within the polymer, assumptions 
about the partition coefficient and concentration profile were not needed. The other major 
technique used to report mutual diffusion coefficients of water in Nafion is permeation, 
where several assumptions are required to extract a diffusion coefficient. Therefore, the 
mutual diffusion coefficients in this work, obtained from time-resolved FTIR-ATR 
spectroscopy with high vapor flow rate, are more accurate and reliable than conventional 
techniques. Another technique that measures mutual diffusion within the polymer, iV-
SANS, reports no dependence of the water diffusion coefficient on the equilibrating 
water activity, which is in agreement with this work. However, the absolute values 
reported for iV-SANS differ from this study by approximately a half an order of 
magnitude, which could be due to mass transfer resistance in the iV-SANS study or to 
different membrane pretreatment conditions. 
 
4.3.5. Sorption and Desorption 
Mixed results have been published on the sorption and desorption rates for water in 
Nafion, where some investigators have observed similar rates21 and others report 
desorption rates that are up to an order of magnitude higher than sorption rates.123,148 
Table 4.2 lists the mutual diffusion coefficients determined in this study from both 
sorption and desorption differential experiments. Over the entire activity range, sorption 
and desorption kinetics are similar, where both have almost no dependence on water 
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activity. These diffusivities were calculated at high flow rates, where mass transfer 
resistance was negligible. At low flow or no flow (similar to gravimetry), mass transfer 
resistance will significantly impact sorption kinetics, as previously described, but may 
not have a significant impact on desorption kinetics, since the direction of transport is 
reversed. Others have also noted that differences in sorption and desorption kinetics may 
result from mass transfer resistance.123,145 
  
4.4. Discussion 
With the use of time-resolved FTIR-ATR spectroscopy (differential and integral 
experiments at high flow rates), four different transport phenomena or regimes were 
observed: 1) low humidity sorption, 2) moderate and high humidity sorption with small 
concentration gradients, 3) high humidity sorption with large concentration gradients, and 
4) low humidity desorption. At low humidity, the water sorption absorbance data appears 
non-Fickian because of an extended initial time lag that cannot be predicted by Fickian 
sorption kinetics. This time lag may be the result of the hydrolysis reaction between 
water and sulfonic acid sites in the polymer when the initial water molecules sorb into 
dry Nafion. 
 
In the second regime, a simple Fickian model accurately regressed to the normalized 
water absorbance data. Not only was water diffusion in Nafion Fickian in this regime, but 
also the dependence of the water diffusion coefficient on relative humidity (and therefore 
water content in Nafion) was shown to be fairly insignificant. This is important with 
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respect to the hydrogen fuel cell, where performance is related to proton conductivity, 
which is a strong function of water content in Nafion.  
 
The third regime exhibited non-Fickian behavior in the form of water sorption having a 
slow approach to steady state suggesting that polymer relaxation and water sorption 
kinetics are on a similar time scale. Interestingly, the time-resolved FTIR-ATR spectra 
also provide information regarding polymer relaxation, where infrared bands associated 
with the polymer backbone and side chain, such as sulfur oxygen (S-O), ether (C-O-C), 
and carbon fluorine (C-F) were observed and decreased with time during water sorption.  
 
Finally, the fourth regime (low humidity desorption) was non-Fickian with a different 
shape from low humidity sorption. It stands to reason that the reverse of the acid 
dissociation reaction could be occurring under these conditions. A slower reverse reaction 
rate constant would be expected based on the strength of sulfonic acid, which may 
explain the slow approach to steady state in these experiments.  
 
It is important to point out that Nafion is typically purified according to a standard 
protocol, as was done in this work prior to all diffusion experiments. However, varying 
the pretreatment condition can impact Nafion morphology and therefore both water 
content and diffusion. For example, Hinatsu, et al.156 have studied Nafion in three forms, 
which they refer to as unpurified, expanded, and shrunken. Unpurified or as-received 
Nafion consisted of no pretreatment procedure and had a water uptake of 27 wt%.157 
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Expanded Nafion consisted of performing a standard purification procedure and can be 
recovered from a dry membrane by boiling in water and has a water uptake of 34 wt% at 
room temperature. Shrunken Nafion consisted of fully drying the expanded form, where 
the water uptake was reported as 20 wt% at room temperature.35 The effect of history is 
more complex than this simple example, because shrunken Nafion has varying degrees of 
water content based on the temperature of drying.35,135 This history dependence suggests 
that Nafion is in a non-equilibrium state; typical of glassy polymers and random graft 
copolymers.158 Therefore, the prediction of water content in Nafion would require a non-
equilibrium thermodynamic model. The overall purpose of this work was to assess 
diffusion kinetics and not the equilibrium state of water in Nafion. However, it is 
important to highlight the pseudo-equilibrium state of water in Nafion even at long 
equilibration times, which is best observed in this work in the 0 to 100% RH sorption and 
22 to 0% RH desorption experiments. 
  
4.5. Conclusions 
Time-resolved FTIR-ATR spectroscopy allows for the determination of accurate mutual 
diffusion coefficients with molecular-scale resolution. In this study, mutual diffusion 
coefficients of water in Nafion were measured as a function of water vapor activity. Both 
integral and differential experiments show Fickian behavior at moderate activities. 
Fickian behavior was also observed for differential experiments at higher activities. 
Accurate Fickian diffusion coefficients were regressed from this data at high flow rates 
(where mass transfer resistance was negligible). Sorption and desorption coefficients 
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were similar over the entire activity range, were on the order of 10-7 cm2/s, and were 
weak functions of vapor phase activity. At low activities, non-Fickian behavior was 
observed, while another type of non-Fickian behavior was observed for a large step in 
activity (0% to 100% RH).  
 
More specifically, four different transport regimes were observed: 1) low humidity 
sorption, 2) moderate and high humidity sorption with small concentration gradients, 3) 
high humidity sorption with large concentration gradients, and 4) low humidity 
desorption. There are several important things to note regarding the four regimes of water 
sorption and desorption kinetics observed in this study. The data in this study using time-
resolved FTIR-ATR spectroscopy is the first to the authors’ knowledge that report on all 
four phenomena using one technique. In particular, one of these regimes has not been 
observed before (e.g., low humidity desorption) using any technique. In addition, the 
time-resolved FTIR-ATR spectra provides real-time molecular information regarding the 
acid dissociation reaction and polymer relaxation, which not only provides new insights 
into the fundamental transport mechanisms of water in Nafion, but this data can also be 
used in conjunction with more complex models that accurately capture diffusion-reaction 
and diffusion-relaxation phenomena with minimal fitting parameters required. These 
models will be presented in Chapter 5 to accurately account for the additional phenomena 
observed in these experiments. 
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Chapter 5. Non-Fickian Diffusion of Water in Nafion 
 
 
 
 
5.1. Introduction 
The non-Fickian behavior observed at 0-22 and 0-100% RH in Chapter 4 will be 
examined in more depth in this Chapter with more experiments, analysis and modeling. 
Specifically, diffusion-reaction and diffusion-relaxation models were developed for the 
low and high vapor activity experiments, respectively. The dynamic FTIR-ATR data 
provides evidence for both the hydrolysis reaction between water and sulfonic acid and 
also the water-induced relaxation in the polymer backbone. Diffusion-relaxation models 
have been developed in the past by other investigators,154 but have usually consisted of 
regressing gravimetric data to models with up to six fitting parameters. The results in this 
work are unique in that time-resolved FTIR-ATR spectroscopy provided both the 
polymer relaxation and water diffusion data and both were regressed to a newly 
developed diffusion-relaxation model, where only one fitting parameter was used for 
each data set. Additionally, the time-resolved FTIR-ATR data and models in this work 
provide new insights into the fundamental transport mechanisms of water in Nafion.   
 
5.2. Experimental Section 
5.2.1. Vapor Dilation 
Three experiments were performed according to the procedure detailed in Chapter 2. The 
results, volume change, are the average of these three experiments and were used to 
calculate ρNafion (g(dry Nafion)/L(total)), which was then used to calculate concentration. 
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5.2.2. Time-Resolved FTIR-ATR Spectroscopy  
In this study, two different integral diffusion experiments were conducted: 0-22% RH 
and 0-100% RH. More specficially, to begin each integral experiment, at a carefully 
recorded time the dry air (0% RH) was removed and flowing air at a specific relative 
humidity (22 or 100% RH) was imposed on the vapor/polymer interface. Relative 
humidity was controlled by bubbling compressed air, at a controlled flow rate, through 
either a saturated aqueous salt solution of KC2H3O2 (22% RH) or pure RO water (100% 
RH) through a tank, connector, and ATR cell. The temperature of the tank, connector and 
ATR cell were all carefully controlled at 30.0 ± 0.1 °C. The flow rate was optimized to 
150 mL/min to eliminate any mass transfer resistance at the interface without introducing 
any over-pressure. 
 
5.3. Results 
5.3.1. Diffusion-Reaction 
Figure 5.1 shows time-resolved infrared spectra for a low-humidity diffusion experiment: 
22% RH water vapor diffusion into dry Nafion 117 (referred to as 0-22% RH). The inset 
in Figure 5.1 shows more clearly the infrared bands that are associated with the diffusion 
of water in the polymer (bands increasing with time) and the dissociation of sulfonic acid 
groups covalently attached to the polymer (bands decreasing with time) in the sampling 
region close to the polymer-crystal interface (evanescent wave). Water bands are 
represented by O-H stretching at 3374 cm-1, H-O-H bending at 1630 cm-1,150,151,159 and 
(H-O-H)nH+ bending at 1724-1684 cm-1; the latter representing protonated water.160 
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Anhydrous sulfonic acid (SO3H) bands are represented by O-H stretching at 2758-2731 
cm-1 160 and 2204-2199 cm-1.161 
 
To examine water diffusion in Nafion, the water O-H stretching band was integrated from 
3751 to 2983 cm-1 at each time point and the integrated absorbance plotted versus time. 
Figure 5.2 shows the integrated absorbance, normalized to the final value, versus time. 
The solid line in Figure 5.2 represents a regression to the Fickian diffusion model 
(equation 1.43), where the diffusion coefficient was the only adjustable fitting parameter. 
The poor regression suggests a form of non-Fickian or anamolous diffusion of water in 
Nafion for low-humidity vapor. Although upon visual inspection the data appears to look 
Fickian, the extended initial time lag seems to be the result of the observed non-Fickian 
behavior. It should be noted that the time lag in the data is an initial delay that is longer 
than that predicted by the Fickian model with the initial and boundary conditions specific 
to this ATR experiment (where the measurement takes place in the region near the 
polymer-crystal interface at the no flux boundary (equation 1.43)). This 0-22% RH 
experiment was repeated many times and the extended time lag was observed in all 
experiments and was not an artifact of any experimental error. 
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Figure 5.1. Infrared spectra of water vapor (22% RH) diffusing into dry Nafion. Inset 
shows increase of the O-H stretching and (H-O-H)nH+ bending bands as a function of 
time as well as the decrease of SO3H stretching bands with time. Arrows show direction 
of spectral change with increasing hydration time. 
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Figure 5.2. Normalized, integrated absorbance of water O-H stretching (). The line 
represents the best fit of the Fickian model (equation 1.43). 
 
 
The time-resolved spectra in Figure 5.1 provides evidence for the dissociation of 
anhydrous sulfonic acid during diffusion. Therefore, the extended time lag for low 
humidity experiments may be the result of this hydrolysis reaction between water and 
sulfonic acid in the polymer when the initial water molecules sorb into dry Nafion. This 
reaction may prolong the time it takes for water to reach the polymer-crystal interface 
(where the absorbance of water is detected) resulting in this extended time lag. 
Specifically, at low humidities, when the fraction of water that diffuses into the polymer 
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is small, a significant fraction of water will be initially consumed and converted into 
protonated water resulting in an observable time lag. For higher humidities, the fraction 
of water in the polymer is much higher and therefore a smaller fraction of water is 
consumed resulting in the apparent Fickian behavior observed in Chapter 4. Interestingly, 
the time-resolved FTIR-ATR spectra provides experimental evidence for all four species 
in the dissociation reaction  
€ 
H2O+ SO3H↔H3O+ + SO3− (5.1) 
where in addition to the water, anhydrous sulfonic acid, and protonated water bands 
observed in Figure 5.1, a band for the hydrolyzed sulfonated anion, SO3-, was observed at 
1060 cm-1 (not shown in Figure 5.1). In addition, as predicted from the stoichiometric 
reaction, the rate of SO3H decrease matches the rate of increase in (H2O)nH+ and SO3- 
and is on the same time scale as the time lag in H2O sorption. This experimental evidence 
of the hydrolysis reaction at low humidities further supports the theory that the reaction 
consumes water and causes the extended initial time lag at low humidities. 
 
 Based on these experimental observations, a mathematical model was developed that 
incorporates both diffusion and reaction. For this system, a reaction can be written as 
  
€ 
H2O +SO3H→
k f H3O+ +SO3−
(W)   (A)    (H) (S)
 (5.2) 
where W, A, H, and S are H2O, SO3H, H3O+, and SO3-, respectively, and kf represents the 
forward reaction rate constant. An irreversible reaction was assumed because the 
equilibrium constant of an acid of similar strength, trifluoromethane sulfonic acid (triflic 
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acid), in an equimolar water mixture is ~1045, which was calculated from a standard 
measurement of super acids, the Hammett acidity function, with a value of -13.7.162 In 
addition, the absorbances of anhydrous sulfonic acid in Figure 5.1 decrease to the 
baseline in approximately half the time it takes the water absorbance to reach 
equilibrium, suggesting the forward reaction is strongly favored. The one-dimensional 
continuity equations for these species are 
€ 
∂CW
∂t = DW
∂ 2CW
∂z2 − rW  (5.3) 
€ 
∂CA
∂t = −rA  (5.4) 
where water (W) is a mobile diffusing species and anhydrous sulfonic acid (A) is treated 
as an immobile species since it is covalently attached to the polymer. Also, in equations 
5.3 and 5.4, DW is the diffusion coefficient of water in Nafion and rW and rA are the 
reaction rates for water and sulfonic acid, respectively. If the irreversible dissociation 
reaction can be treated as elementary then 
€ 
−rW = −rA = k fCWCA  (5.5) 
This model can now be applied to the data to predict the time lag and accurately 
determine the diffusion coefficient of water in Nafion. In order to do this, the coupled 
species continuity equations 5.3 and 5.4 were solved numerically. The following 
variables were used to convert equations 5.3 and 5.4 into dimensionless form: 
€ 
θW =
CW
CWf
 (5.6) 
€ 
θA =
CA
CAo
 (5.7) 
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€ 
τ =
DW t
L2  (5.8) 
€ 
ζ =
z
L  (5.9) 
where Cfw and C°A are the equilibrium concentration of water in Nafion and the initial 
concentration of anhydrous sulfonic acid in dry Nafion (determined from the ion 
exchange capacity of Nafion), respectively. Recasting equations 5.3 and 5.4 with the use 
of these dimensionless variables results in 
€ 
∂θW
∂τ
=
∂2θw
∂ζ 2
−αθwθA  (5.10) 
€ 
∂θA
∂τ
= −λ*αθWθA  (5.11) 
where 
€ 
α =
CAok f L2
DW
 (5.12) 
€ 
λ* =
CWf
CAo
 (5.13) 
In equations 5.12 and 5.13, α is the Damköhler number (ratio of the rate of reaction to 
diffusion) and λ* is a measure of equilibrium water concentration in the polymer 
normalized to the initial concentration of sulfonic acid in the polymer. Because Nafion 
swells in water the volume basis for initial and final concentrations are different, yielding 
units of (mol(H2O) L(dry Nafion))/(mol(SO3H) L(wet Nafion)) for λ∗. The initial 
conditions recast into dimensionless form (at τ = 0 for all ζ) become:  
€ 
θW (0,ζ ) = 0 (5.14) 
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€ 
θA (0,ζ ) =1 (5.15) 
The dimensionless boundary conditions for water at τ > 0 are 
€ 
θW (τ,1) =1 (5.16) 
€ 
∂θW (τ,0)
∂ζ
= 0 (5.17) 
An explicit forward time, centered space (FTCS) algorithm was used to solve this system 
of equations, where the space domain was divided into 100 node points and each 
experimental time step was divided into 1000 node points.  
 
A parametric study was first conducted on the numerical solution to probe the effect of α 
and λ* on sorption kinetics. Figure 5.3 shows the effect of changing α for a fixed value of  
λ* = 2.27 (22% RH). When α << 1, the reaction kinetics are much slower than diffusion 
(reaction limiting), which results in Fickian behavior, which was expected since no 
reaction occurs on the time scale of diffusion. For α~1, the rate of reaction and diffusion 
are on similar time scales resulting in a type of anomalous behavior. For α >> 1, the 
reaction is much faster than diffusion (diffusion limiting), which interestingly results in 
an extended initial time lag followed by the appearance of Fickian-like sorption kinetics 
similar to what was observed experimentally in Figure 5.2. Also, experimentally, the 
assumption of a high Damköhler number seems reasonable when accounting for the high 
dissociation constant of triflic acid. Therefore, the diffusion-reaction model with 
irreversible reaction, immobile sulfonic acid, and high Damköhler number (diffusion 
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limiting) produces similar behavior with extended time lag as was observed 
experimentally.  
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Figure 5.3. Parametric study of the diffusion-reaction model, where the parameter being 
varied is the Damköhler Number, α. 
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Figure 5.4. Parametric study of the diffusion-reaction model, where the parameter being 
varied is the equilibrium water content, λ∗. 
 
 
Figure 5.4 shows the effect of λ* under the diffusion limiting case (α >> 1). Interestingly, 
the extended time lag is a function of λ*, where the time lag increases with decreasing λ*. 
Also, as λ* increases, the model approaches Fickian behavior under the diffusion limiting 
case. Physically this seems reasonable since at lower water contents, a larger fraction of 
water molecules entering the polymer are consumed by a constant number of sulfonic 
acid sites. At higher water contents, a much smaller fraction of water is consumed, 
resulting in apparent Fickian behavior (no noticeable extended time lag). The results in 
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Figure 5.4 were also observed experimentally, where the 0-22% RH experiment was non-
Fickian with an extended time lag, but for other integral experiments (0-43, 0-56, 0-80% 
RH), apparent Fickian behavior was observed.  
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Figure 5.5. Dilation results showing Nafion density (; left axis) and λ* (; right axis) 
as a function of gravimetric water content from literature (λ). Solid line is calculated 
density from volume additivity that assumes no volume change upon mixing between 
Nafion and water. 
 
 
Equilibrium water sorption isotherms in Nafion have been reproduced extensively with 
gravimetric techniques and are usually reported as λ (mol(H2O)/mol(SO3H)), where water 
uptake is normalized by IEC (0.91 mol(SO3H)/g(dry Nafion)).16,18-27 However, diffusion 
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and reaction rates are calculated on a concentration basis, which is related to λ through 
the following: 
€ 
CW =
λ ⋅ ρNafion
IEC  (5.18) 
where ρNafion is density (g(dry Nafion)/Ltotal). In other words, concentration is normalized 
by volume, which changes with humidity, while λ is normalized by the acid loading, 
which is constant. Volume was measured with vapor dilation and ρNafion calculated at 
each relative humidity of interest. Results are shown in Figure 5.5 as a function of the 
water content, λ, measured by gravimetric sorption. The solid line in Figure 5.5 is density 
calculated from volume additivity assuming no volume change upon mixing between 
water and Nafion, meaning the specific volume of the system is assumed to be a mass 
average between water (1.0 mL/g) and Nafion (0.5 mL/g). The agreement is surprising 
because there was a volume change upon mixing between hydrated Nafion and methanol 
(Chapter 3). It should be noted that the Nafion density calculated at 100% RH has large 
error, 70% of which comes from the measurement of λ. This is because there is a steep 
upturn in the water sorption isotherm near activity of 1 (100% RH). The error in ρNafion at 
lower activity is much smaller, as shown in Figure 5.5. λ*, for the diffusion-reaction 
model, is calculated as water concentration, CW, divided by sulfonic acid concentration, 
CA = 1.8 mol/L. Figure 5.5 shows λ* as a function of λ. While the difference between the 
λ* and λ is not great, they do vary by the factor L(wet Nafion)/L(dry Nafion). 
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Table 5.1. Diffusion-Reaction Model Results. 
RH 
(%) 
λ* 
(mol(H2O) L(dry 
Nafion))/(mol(SO3H) 
L(wet Nafion)) 
l 
(µm) 
D x 107 
(cm2/s) SSE
a 
0-22 2.274236 132 ± 2 4.44 ± 0.73 0.108 ± 0.050 
0-43 3.108498 138 ± 3 4.39 ± 0.20 0.073 ± 0.028 
0-56 3.579103 137 ± 3 7.95 ± 1.46 0.074 ± 0.023 
0-80 5.631846 142 ± 2 4.35 ± 0.17 0.051 ± 0.028 
aSSE is the sum of the squared error between the model and the data. 
 
 
0
0.2
0.4
0.6
0.8
1
0 400 800 1200 1600
N
or
m
al
iz
ed
 A
bs
or
ba
nc
e
Time (s)
Diffusion-Reaction Model
D
W
 = 5.04 x 10-7 cm2/s
α >> 1
λ∗ = 2.27 (mol(H
2
O) L(dry Nafion))/
                    (mol(SO
3
H) L(wet Nafion))
 
Figure 5.6. Regression of the diffusion-reaction model to the normalized, integrated water 
O-H stretching absorbance, where the diffusion coefficient was the only fitting 
parameter. 
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With known values of λ* (2.27), l (0.0131 cm), α (>> 1), the data in Figure 5.2 was 
regressed to the numerical diffusion-reaction model, where DW was the only adjustable 
fitting parameter. The results are shown in Figure 5.6. Unlike the poor regression to the 
Fickian model shown in Figure 5.2, the diffusion-reaction model provides an adequate 
regression to the data with only one fitting parameter. The diffusion-reaction model was 
regressed to other integral diffusion experiments (0-43, 0-56, and 0-80% RH). The results 
of all these regressions are listed in Table 5.1. When comparing regressions from the 
diffusion-reaction model to regressions from the Fickian model (shown in Table 5.2), the 
errors between model and data all appear to be an order of magnitude lower for the 
diffusion-reaction model with a slight increase in regressed diffusion coefficients. 
Interestingly, although the error is lower for all of these experiments for the diffusion-
reaction model, only the 0-22% RH visibly appears non-Fickian (Figure 5.2). When 
plotted similar to Figure 5.2, the other integral diffusion experiments (0-43, 0-56, and 0-
80% RH) appear to regress to the Fickian model quite well. It is also interesting to 
compare the diffusion-reaction model results to the differential experiments regressed to 
the Fickian model (also listed in Table 5.2). The errors between data and the Fickian 
model for smaller activity steps are comparable to the errors from the diffusion-reaction 
model. For example, the 0-56% RH integral experiments have an average RH of 28% and 
a diffusion coefficient of 7.95 ± 1.46 x 10-7 cm2/s when regressed to the diffusion-
reaction model, while the 22-43% RH differential experiments have an average RH of 
32% (similar to the 0-56% RH experiment) and a diffusion coefficient of 8.57 ± 2.68 x 
10-7 cm2/s when regressed to the Fickian model. Therefore, even though the Fickian 
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model provides a visibly good regression to integral diffusion experiments at 0-43, 0-56, 
and 0-80% RH, the diffusion-reaction model appears to provide more accurate diffusion 
coefficients when compared to the more accurate differential diffusion experiments 
(where smaller activity steps provide not only more accurate concentration-averaged 
Fickian diffusion coefficients but also initially hydrated conditions that preclude the 
effect of reaction).  
 
Table 5.2. Water Diffusion Coefficients in Nafion. 
Experiment Average 
RH  
(%) 
This work  
D x 107  
(cm2/s) 
This work 
SSEd 
Previous 
workc 
D x 107 
(cm2/s) 
Previous 
workc 
SSEd 
11 4.44 ± 0.73 a 0.108 ± 0.050 2.37 ± 0.84 0.66 ± 0.22 
21 4.39 ± 0.20 a 0.073 ± 0.028 3.19 ± 0.32 0.44 ± 0.37 
28 7.95 ± 1.46 a 0.074 ± 0.023 5.23 ± 0.87 0.33 ± 0.36 
40 4.35 ± 0.17 a 0.051 ± 0.028 3.28 ± 0.37 0.024 ± 0.012 
0-22% RH 
0-43% RH 
0-56% RH 
0-80% RH 
0-100% RH 50 7.50 ± 1.41 b 0.108 ± 0.023 4.73 ± 0.54 0.47 ± 0.11 
  2.92 ± 0.59 0.89 ± 0.31 
  8.57 ± 2.68 0.066 ± 0.041 
  5.64 ± 0.91 0.12 ± 0.07 
  5.25 ± 1.25 0.19 ± 0.21 
0-22% RH 
22-43% RH 
43-56% RH 
56-80% RH 
80-100% RH 
11 
32 
49 
68 
90   3.95 ± 2.10 0.51 ± 0.91 
aDiffusion-Reaction Model 
bDiffusion-Relaxation Model 
cFrom Chapter 4 – All regressions to the Fickian Model. 
dSSE is the sum of the squared error between the model and the data. 
 
 
5.3.2. Diffusion-Relaxation 
Figure 5.7 shows time-resolved infrared spectra for a high-humidity diffusion 
experiment: 100% RH water vapor diffusion into dry Nafion (referred to as 0-100% RH). 
At high wavenumbers, the stretching and bending vibrations associated with water and 
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anhydrous sulfonic acid are shown. Similar to Figure 5.1, the bands associated with water 
and protonated water increase, while the bands associated with anhydrous sulfonic 
decrease with time. At lower wavenumbers, the fingerprint region of the mid-infrared 
spectrum shows a number of stretching vibrations associated with functional groups in 
the backbone and side chain of the polymer: C-F2 stretching (backbone) at 1250-1198 
cm-1,144,163,164 symmetric sulfonate anion, S-O3-, stretching (side chain) at 1060 cm-1, 
20,103,163,165,166 and asymmetric and symmetric ether, C-O-C, stretching (side chain) at 982 
and 967 cm-1, respectively.103,144,163,165 All of the absorbance bands associated with the 
polymer decrease with time as the water diffuses into the polymer. Figure 5.8 shows the 
normalized, integrated areas of the water (O-H) stretching, backbone C-F2 stretching, 
side-chain sulfonate anion (S-O3-) stretching, and side-chain ether (C-O-C) stretching 
bands as a function of time. All of the integrated absorbance values shown in Figure 5.8 
were initialized by their minimum value and normalized to their maximum value. The 
solid line in Figure 5.8 represents a regression of the water stretching to the Fickian 
diffusion model (equation 1.43), where the diffusion coefficient was the only adjustable 
fitting parameter. The Fickian model does not regress well to this data, but appears to be 
a much different form of non-Fickian behavior than what was observed with the low-
humidity differential experiment (Figure 5.2). These results are indicative of diffusion 
and polymer relaxation occurring at similar time scales. Nafion experiences a 37% 
increase in thickness from 0 to 100% RH,21 and absorbance or concentration of polymer 
functional groups decrease (Figure 5.7), providing further experimental evidence of 
water-induced relaxation.  
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Figure 5.7. Infrared spectra of water vapor (100% RH) diffusing into dry Nafion. The left 
and right sections of spectra are on different absorbance scales for clarity. Also, some 
spectra were omitted from the right section. Arrows show direction of spectral change 
with increasing hydration. 
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Figure 5.8. Normalized, integrated absorbance of water O-H stretching (), polymer 
backbone C-F2 stretching (), sulfonate anion S-O3- symmetric stretching (), and 
polymer side-chain C-O-C stretching () versus time. 
 
 
 Interestingly, all of the polymer functional groups do not decrease at a similar rate. In 
Figure 5.8, the side-chain sulfonate anion and ether groups appear to decrease at the same 
rate, while the backbone C-F2 decreases at a slower rate. Also, the side-chain groups 
decrease at a similar rate to the increase in the water-stretching band. At first glance, the 
C-F2 dynamics appears erroneous and there does not seem to be a logical explanation for 
its difference compared to the other infrared bands. However, this data has been analyzed 
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using a variety of methods and for numerous repeated experiments. These results are 
repeatable and are not a result of experimental error.  
 
We postulate that these results are related to the morphology of Nafion. Although 
numerous research groups have developed differing morphological models for Nafion 
based on X-ray scattering data,29,45-51 there is a consensus that Nafion possesses a co-
continuous phase-segregated morphology. The two phases are referred to as ion-rich 
(hydrophilic) and ion-poor (hydrophobic) regions, where electrostatic interactions 
between ion pairs results in interconnected ionic domains phase segregated from the 
surrounding ion poor regions. Numerous publications have confirmed that the diffusion 
of water and ions occurs in these hydrophilic ionic regions in Nafion. In relation to the 
experimental infrared data in Figure 5.7, the side chain sulfonate anion and ether groups 
reside in the hydrophilic ion rich domains, while the backbone C-F2 resides in the 
hydrophobic ion poor regions. Therefore, when water initially diffuses into the 
hydrophilic regions of the polymer, these domains are swollen, diluting the concentration 
of the hydrophilic regions of the polymer in the evanescent wave region close to the 
polymer/crystal interface. Experimentally, this results in a decrease in concentration or 
absorbance of the side chain sulfonate anion and ether groups and this decrease matches 
the rate of increase in water sorption. After the initial diffusion of water and swelling of 
hydrophilic regions, the swollen regions then impose stress on the surrounding 
hydrophobic matrix. This stress is dissipated via relaxation of the matrix and 
experimentally a concentration decrease of C-F2 groups in the hydrophobic regions is 
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observed as a decrease in absorbance in the evanescent wave. The morphology, therefore, 
explains the differences in the rate of swelling or relaxation and also suggest that the 
backbone C-F2 absorbance is a pure measure of polymer relaxation and not a convolution 
of diffusion and relaxation as is observed with the absorbance of water and polymer 
groups in the hydrophilic ionic domain. This result is significant as it provides an 
independent measure of polymer relaxation in conjunction with diffusion-relaxation, 
which cannot be obtained with standard experimental techniques, such as dynamic 
gravimetry.  
 
 
Figure 5.9. Representation of a three-element relaxation model consisting of a purely 
viscous dashpot in series with a dashpot and spring in parallel, where the spring is purely 
elastic. 
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Therefore with both a measure of diffusion-relaxation and relaxation within the same 
experiment, a mathematical model was developed that incorporates both diffusion and 
relaxation. For the relaxation portion of this model, a simple three-element viscoelastic 
model was used, shown schematically in Figure 5.9. Here, a dashpot is in series with a 
dashpot and spring in parallel. The dashpot, which represents non-recoverable viscous 
loss can be represented mathematically by Newton’s law of viscosity: 
€ 
σ =η
∂ε
∂t  (5.19) 
where σ, ε, η are the stress, strain, and dynamic viscosity, respectively. The spring 
represents the purely elastic recoverable element that stores all energy used to perturb it 
from equilibrium and can be written mathematically as Hooke’s law: 
€ 
σ = Eε  (5.20) 
where E is Young’s modulus. The spring and dashpot in parallel represents a retarded 
elastic or viscoelastic response and this two-element portion is commonly known as the 
Voigt model. In relation to a creep experiment, in which a constant stress, σo, is applied 
and the strain (or elongation) is measured versus time, the Voigt model can be solved for 
strain:  
€ 
ε =
σ o
E 1− exp −βt( )( ) (5.21) 
where β is the relaxation time constant (s-1). The normalized strain response with time for 
the two-element Voigt model is shown in Figure 5.10, where εf is the final strain or strain 
at long times. The strain of a simple dashpot is a linear function of time for a creep 
experiment: 
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€ 
ε =
σ ot
η
 (5.22) 
also shown in Figure 5.10 as the one-element model. The three-element viscoelastic 
model is merely a sum of the one-element dashpot and the two-element Voigt models: 
€ 
ε =
σ ot
η
+
σ o
E 1− exp −βt( )( )  (5.23) 
 
0
0.2
0.4
0.6
0.8
1
0 2000 4000 6000 8000 10000
ε/
ε f
Time (s)
Three-Element Model 
(equation 5.23):
Dashpot in series with
parallel Dashpot & Spring
Two-Element Model 
(equation 5.21):
Dashpot & Spring in parallel
One-Element Model
(equation 5.22):
Dashpot
 
Figure 5.10. Graphical representation of the normalized strain response versus time for 
one, two, and three-element relaxation models based on a creep experiment, in which the 
stress is constant. The one-element model is a dashpot. The two-element model is a 
spring and dashpot in parallel. The three-element model is that depicted in Figure 5.9. 
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This three-element model is also shown in Figure 5.10 along with the one and two-
element components. When this model is normalized by the final strain, the constant 
stress, viscosity, and modulus can be factored out, resulting in normalized strain as 
function of time (tf is final time), where the viscous and viscoelastic portions both have 
weighted contributions described by the weighting fractions, w1 and w2, respectively. 
€ 
ε
ε f
= w2
t
t f
+ w1 1− exp −βt( )( ) (5.24) 
 
For this experiment, the polymer membrane is constrained in both the x and y direction 
(lateral directions) due to the confinement in the ATR cell. Therefore, during water 
sorption the polymer can only swell in the z direction (thickness direction). Based on 
these observations, we propose that ATR absorbance of the polymer backbone groups are 
linearly proportional to strain or water-induced thickness swelling. In other words, the 
decrease in polymer absorbance or concentration due to relaxation is proportional to the 
linear strain in equation 5.24 and can be rewritten in terms of experimental ATR 
absorbance of the C-F2 relaxation. 
€ 
A(t) − Ao
Af − Ao
= w2
t
t f
+ w1 1− exp −βt( )( )  (5.25) 
A0 and Af in equation 5.25 are the absorbance at initial and final time, respectively. A 
late-time solution to equation 5.25 only has a viscous contribution as the exponential term 
in the elastic portion goes to zero resulting in a linear equation, where the slope (w2) and 
intercept (w1) represent the weighting fractions of the dashpot and Voigt model, 
respectively.  
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Figure 5.11. Late-time, linear regression to polymer backbone C-F2 stretching in order to 
extract the weighting fractions of the relaxation model. 
 
 
Figure 5.11 shows a linear regression of the late-time solution of equation 5.25 to the 
late-time C-F2 infrared absorbance, where w1 = 0.7 and w2 = 0.3. With known weighting 
fractions from the late-time solution, the entire data set can be regressed to the full 
solution, equation 5.25, with only one adjustable parameter, the relaxation time constant, 
β. This regression is shown in Figure 5.12 with a regressed relaxation time constant of 
8.27 x 10-4 s-1. This value agrees well with literature, where a relaxation time on the order 
of 104 s was measured from creep experiments on humidified Nafion.167 
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Figure 5.12. Regression of the relaxation model to the normalized, integrated polymer 
backbone C-F2 stretching absorbance, where the relaxation time constant, β, was the only 
fitting parameter. 
 
 
The independent measurement of relaxation can now be applied to the diffusion-
relaxation data. A diffusion-relaxation model was developed and its solution can be 
described as a weighted sum of diffusion (equation 1.43) and relaxation (equation 5.25); 
similar in appearance to the Berens and Hopfenberg154 model. 
€ 
A(t) − Ao
Af − Ao
= FA 1−
4
π
×
(−1)n
2n +1exp −DW f
2t( )
n= 0
∞
∑
 
 
 
 
 
 + FB w2
t
t f
+ w1 1− exp −βt( )( )
 
 
 
 
 
 (5.26) 
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The absorbance in this solution can be applied to the time-resolved absorbance of water 
diffusion in the polymer. Physically, this would describe the two contributions of water 
diffusion in Nafion: one fraction caused by the concentration gradient of water and the 
other from additional water sorption due to water-induced relaxation of the polymer or 
increased polymer free volume. Similar to the relaxation model, the late-time solution of 
the diffusion-relaxation model (equation 5.26) only represents the viscous loss portion of 
relaxation as the exponential terms in the diffusion and elastic portions approach zero at 
late times.  
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Figure 5.13. Late-time, linear regression to water O-H stretching in order to extract the 
weighting fractions of the diffusion-relaxation model. 
 
 
Figure 5.13 shows a linear regression of the time-resolved water O-H stretching 
absorbance to the late-time solution of equation 5.26, where the slope (FBw2) and 
intercept (FA + FBw1) are 0.155 and 0.855, respectively. Using the values of weighting 
fractions (w1 and w2) from the late-time regression of the relaxation data in Figure 5.11, 
the weighting fractions (FA and FB) for diffusion and relaxation can be determined and 
are both ~0.5. Now with a known relaxation time constant and all weighting fractions 
known, the entire data set for water can be regressed to the full solution, equation 5.26, 
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with only one adjustable parameter, the water diffusion coefficient, DW. Figure 5.14 
shows this with a diffusion coefficient of 8.50 x 10 -7 cm2/s. 
 
For this experiment, a diffusion time (τD~L2/D) of 433 s can be calculated using a 
membrane thickness of 192 µm. This is slightly smaller (i.e., faster) than the relaxation 
time (β-1) of 1210 s, but on the same order of magnitude. Vrentas, Jarzebski and Duda 
defined a diffusion Deborah number as polymer relaxation time divided by diffusion 
time.75 When the diffusion Deborah number is large then polymer relaxation is much 
slower than diffusion, indicative of glassy polymers. When the diffusion Deborah number 
is on the order of 1 then both diffusion and relaxation contribute to the observed 
anomalous dynamics. Finally, Fickian diffusion should be observed when the diffusion 
Deborah number is much less than one, and polymer relaxation is much faster than 
diffusion, as is the case for rubbery polymers. However for any experiment (such as 
FTIR-ATR) in which diffusion and relaxation are being measured simultaneously the 
diffusion Deborah number cannot be less than one because stress relaxation is being 
driven by diffusion. In other words, measured relaxation time cannot be faster than 
diffusion in such an experiment. For the integral experiment from 0 to 100% RH a 
diffusion Deborah number of 2.8 was calculated (on the order of 1), which one would 
expect since the dynamics exhibit anomalous or non-Fickian behavior. Results from the 
diffusion-relaxation model analysis are listed in Table 5.3, where all of the regressed 
values reported for the 0-100% RH experiment represent an average from repeated 
experiments. 
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Figure 5.14. Regression of the diffusion-relaxation model to the normalized, integrated 
water O-H stretching absorbance, where the diffusion coefficient was the only fitting 
parameter. 
 
 
The results from this diffusion-reaction model for the integral experiment (large activity 
step) compare well with the analogous Fickian results for the differential experiment 
(small activity step). This comparison can be seen clearly in Table 5.2, where the 0-100% 
RH integral experiments have an average RH of 50% and a diffusion coefficient of 7.50 ± 
1.41 x 10-7 cm2/s when regressed to the diffusion-relaxation model, while the 43-56% RH 
differential experiments have an average RH of 49% (similar to the 0-100% RH 
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experiment) and a diffusion coefficient of 5.64 ± 0.91 x 10-7 cm2/s when regressed to the 
Fickian model. This is to be contrasted with a poor Fickian regression to the 0-100% RH 
integral experiments, which results in a diffusion coefficient of 4.73 ± 0.54 x 10-7 cm2/s. 
 
Table 5.3. Diffusion-Relaxation Model Results (0-100% RH). 
w1 w2 
β x 104 
(s-1) 
Relaxation 
SSEa 
0.77 ± 0.10 0.23 ± 0.10 8.21 ± 0.08 0.49 ± 0.15 
FA FB 
D x 107 
(cm2/s) SSE 
0.52 ± 0.05 0.48 ± 0.05 7.5 ± 1.4 0.11 ± 0.02 
aSSE is the sum of the squared error between the model and the data. 
 
 
It is interesting to note the change in membrane thickness with humidity (water-induced 
strain): 132 ± 2 µm (22% RH), 142 ± 2 µm (80% RH), and 184 ± 11 µm (100% RH). The 
majority of thickness change occurs from 80 to 100% RH. This seems to corroborate with 
the diffusion-relaxation results, where ~50% of the contribution is due to water-induced 
relaxation. It is also interesting to note that because polymer relaxation is significant and 
slower in the 0-100% RH experiment, this results in experiments that are ~3 hrs opposed 
to ~30 min experiments for lower relative humidity experiments. In regards to error, the 
sum of the squared error (SSE) reported in Table 5.3 for the diffusion-relaxation 
regressions is based on 867 data points opposed to 145 data points for moderate relative 
humidity experiments.  
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Although anomalous diffusion-relaxation phenomena was only observed for the 0-100% 
RH experiments, could it also be occurring at other relative humidities? In order to 
answer this question, the time-resolved absolute absorbance of the C-F2 stretching 
absorbance was plotted for the various experiments (shown in Figure 5.15). In 
comparison to the 0-100% RH experiment, the change in C-F2 absorbance (polymer 
relaxation) in other integral experiments (0-22, 0-43, 0-56, 0-80% RH) seem fairly 
insignificant. This corroborates with the apparent Fickian behavior observed in most of 
these experiments when examining the time-resolved water absorbance. Among these 
experiments, the 0-80% RH appears to show the most relaxation or swelling, which is 
still just a small fraction of the relaxation observed for the 0-100% RH. In addition, in the 
0-80% RH experiment, there is no late time slope in relaxation data, suggesting that only 
viscoelastic (Voigt model) relaxation is occurring without any additional viscous loss. 
Therefore, the 0-80% RH backbone C-F2 stretching data was regressed to the two-
element Voigt model, where the relaxation time constant was the only fitting parameter. 
The best fit resulted in a time constant, β, of 2.24 x 10-3 s-1 or a polymer relaxation time 
of 446 s, which was nearly identical to the diffusion time for this experiment, 452 s. The 
diffusion time was calculated from a diffusion coefficient of 4.44 x 10-7 cm2/s and a 
thickness of 142 µm. This results in a diffusion Deborah number of ~1. Similar to the 0-
100% RH experiments, a Deborah number of this order would suggest anamolous 
dynamics or that diffusion and relaxation are competing phenomena. However, this type 
of non-Fickian diffusion was not observed in the 0-80% RH experiments. In reality, the 
diffusion Deborah number for this case is much smaller (the polymer relaxation time is 
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much faster than diffusion) and the FTIR-ATR experiment cannot measure Deborah 
numbers < 1. This can be understood by the fact that stress imposed on the polymer is 
small and is only caused by the presence of water (diffusion) in Nafion. So the 
introduction of a small stress at low humidities is diffusion limited and faster polymer 
relaxation would have to be measured with a mechanical experiment. This would suggest 
that at all humidities (measured in this study) less than 100% RH, any detectable polymer 
relaxation is actually polymer swelling that has been induced by water diffusion. Only in 
the 0-100% RH experiment is there significant polymer relaxation that limits the kinetics 
and is therefore detectable in the FTIR-ATR experiment. The fact that Nafion has a slow 
relaxation at 100% RH, but not in drier conditions is in agreement with the findings of 
others.148 Such a fact is physically realistic because in hydrated conditions there is a 
highly ionic, interconnected network within Nafion that can act as additional 
entanglements or pseudo crosslinks retarding relaxation kinetics. 
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Figure 5.15. Time-resolved polymer backbone C-F2 stretching absorbance for 0-22% RH 
(), 0-43% RH (), 0-80% RH (), and 0-100% RH (+). Some data points omitted for 
clarity. 
 
 
All of the results in Table 5.2 are shown in Figure 5.16, where diffusion coefficients, 
determined from Fickian regressions to all integral and differential experiments and 
diffusion-reaction and diffusion-relaxation regressions to integral experiments, are 
plotted as function of average water vapor activity. The figure clearly shows that 
diffusion coefficients determined from the diffusion-reaction and diffusion-relaxation 
models appear more accurate with their match to Fickian diffusion coefficients 
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determined from the differential experiments (with smaller activity steps; more accurate 
diffusion coefficients compared to integral experiments). However, the diffusion 
coefficients determined using the Fickian model on integral experiments does not grossly 
under predict water diffusivity and overall results still show that the water diffusivities in 
Nafion appears to be a weak function of water vapor activity. Finally, the diffusion-
reaction model provides fundamental physical insight into water diffusion in Nafion. 
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Figure 5.16. Diffusion coefficients from the diffusion-reaction model (), from the 
diffusion-relaxation model (), and from the Fickian model for integral experiments () 
and for differential experiments () versus average water vapor activity.  
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5.4. Conclusions 
Non-Fickian behavior was observed for both low humidity and high humidity 
experiments for water transport in Nafion. Time-resolved FTIR-ATR spectroscopy 
demonstrates that not only can water diffusion be measured, but also real-time molecular 
information for the acid dissociation reaction and polymer relaxation can be ascertained; 
the factors that cause the non-Fickian response. In this study, models that capture the 
diffusion-reaction and diffusion-relaxation phenomena with minimal fitting parameters 
were demonstrated. At low humidities (small concentration gradient), the diffusion-
reaction model accurately accounts for the extended early time delay in water kinetics, 
which was a result of the water-acid hydrolysis reaction and was a function of water 
concentration at the boundary. At high humidity (high concentration gradient), the 
diffusion-relaxation model provides both a relaxation time constant and diffusion 
coefficient from separate data sets (polymer backbone relaxation and water sorption 
kinetics) from the same experiment (just different regions of the mid-IR spectra) with 
only one fitting parameter for each data set. This is a significant finding compared to 
previous work where up to six fitting parameters were used to regress gravimetric data. 
This work demonstrates some of the capabilities of time-resolved FTIR-ATR 
spectroscopy for the investigation of polymer dynamics. Particularly for the case of 
water-Nafion dynamics, new physical insights into the mechanisms regarding non-
Fickian behavior were elucidated. 
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Chapter 6. Equilibrium and Dynamic States of Water in Nafion 
 
 
 
 
6.1. Introduction 
Nafion proton conductivity is a function of water content not only because of the 
chemical structure, but also due to the morphology. From the Nernst-Einstein equation, 
conductivity is a function of proton concentration and proton mobility for a given 
electrostatic gradient. Protons are generated when sulfonic acid is hydrolyzed. Water 
serves both to hydrolyzed sulfonic acid and to stabilize the proton produced by forming 
protonated water species, e.g. hydronium, Zundel (H5O2+), and Eigen (H7O3+) ions. Once 
formed these protonated species can interact, e.g. hydrogen bonds and ionic interactions, 
with not only water molecules, but also the polymer. Because the hydrolysis reaction is 
strongly favored over the condensation reaction, and since the number of acid groups in a 
sample remains constant, the concentration of protonated water species is relatively 
constant in Nafion. Therefore, at all but the driest conditions, proton conductivity is 
controlled mostly by proton mobility, which is affected by interactions with water 
molecules (states of water) and the polymer (chemistry and morphology). 
 
The molecular structure of pure water has been extensively studied, particularly with 
scattering and spectroscopic techniques.  X-ray diffraction provides the most convincing 
evidence that the structure of liquid water is on a tetrahedral lattice similar to ordinary 
ice.168 Neutron scattering has better resolution but cannot detect hydrogen, so has been 
used to complement X-ray diffraction. Nuclear magnetic resonance has provided 
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interesting information about the structure of water and in conjunction with differential 
scanning calorimetry, it shows evidence for different states of water.169-171 However, both 
NMR and scattering techniques require long collection time, precluding the possibility of 
transient information.  
 
Theoretically, infrared spectroscopy is ideal for studying water, however water is such a 
strong absorber of infrared light that this technique was not used for liquid phase studies 
until the advent of attenuated total reflection (ATR). Early vapor phase studies with 
Raman and IR spectroscopy used the presence of isosbestic points (a location in a 
spectrum where the absolute absorbance does not change as a state variable is changed, 
i.e. temperature, pressure, or concentration) to argue for the presence of two equilibrium 
states of water. Equilibrium was proven by showing proportionality between the changes 
in intensity on either side of the isosbestic point, where one side increased while the other 
decreased.172 It is widely accepted that at low temperatures, liquid water has a highly 
ordered structure of hydrogen bonds with few defects, while at high temperatures 
entropic effects increase the number of defects in the hydrogen bonding. With increasing 
temperature, the decreasing portion of the spectrum has been ascribed to the ordered 
portion of water, while the part of the spectrum that increases in intensity has been 
ascribed to the disordered part of water. The physical description of the disordered state 
of water is contentious. It may be different for different techniques and probably includes 
contributions from several of the descriptions, which include a rotational/relaxational 
vibration that is distinct from hydrogen bonding, bifurcated (weakened) hydrogen bonds, 
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broken hydrogen bonds, stretched water molecules, and rings (as opposed to a tetrahedral 
structure).173 The most thorough studies decomposed pure water spectra into a linear sum 
of a low temperature component, without defects, and a high temperature component, 
with many defects. The results of the temperature decomposition agreed well with results 
using a range of isotopic concentrations, in other words mixtures of H2O and D2O.174 
 
Models of water structure fall in two categories: continuum and mixture. Most authors, 
especially recently, prefer the mixture model, which states that water can be described by 
a number of distinct states.173 A more open-minded paper considered water from the 
perspective of the continuum model and concluded that the only difference between 
mixture and continuum models is that mixture models choose certain thresholds of 
energy to separate distributions of water, and the physical picture remains essentially 
identical.175 Since the mixture model provides a simple, organized way to discuss the 
distribution of water, in terms of hydrogen bonding, chemical environment, and mobility, 
it will be used in this chapter, while keeping in mind that each “state” of water 
encompasses its own distribution of states. The distribution of states causes infrared 
water absorbances to be Gaussian in shape, when most other infrared absorbances are 
Lorentzian in shape. In fact, hydrogen bonds are in constant flux with rapid exchange 
occurring through time. In actuality, one could consider the continuum perspective as an 
integration over time and the states of water as a differential snap-shot in time. In effect, 
as the number of states of water approaches infinity, the mixture model approaches the 
continuum model.  
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Changes in intermolecular interaction strength cause changes in the location (shifts) of 
infrared peaks. With transmission IR, the O-H stretching vibration of extremely low 
concentration water vapor (where there are no hydrogen bonds) absorbs as a sharp peak 
at 3745 cm-1.150 O-H stretching vibrations involved in hydrogen bonding absorb infrared 
energy over a much broader range (from the distribution of degrees of hydrogen bonding) 
and, therefore, portray much broader peaks. In addition to broadening the O-H stretching 
vibration, hydrogen bonding causes the peak to be shifted to lower wavenumber, because 
hydrogen bonding weakens O-H stretching.92 The location of an IR peak is determined by 
the frequency of the bond vibration absorbing the infrared energy, so a weakened bond 
vibrates more slowly, which corresponds to lower energy and lower wavenumber. 
Conversely, the H-O-H bending vibration of water is strengthened by hydrogen bonding, 
which causes a shift to higher wavenumber.92,176 
 
States of pure water have also been studied with FTIR both in transmission mode and 
with ATR mode. Most of the studies investigated the hydrogen bond nature of water at 
various conditions: isotopic dilution,177,178 temperature,178-184 at an interface,185 and in 
reverse micelles.186-189 With isotopic dilution, both FTIR-ATR and Raman spectroscopy 
were used, and the concentration of water and heavy water varied between a hydrogen 
bound network (H2O) and a non-hydrogen bound sample (D2O). In particular, Maréchal 
used isotopic dilution in conjunction with temperature to identify an isosbestic point and 
two states of water in the O-H stretching region of the FTIR-ATR spectrum.177 The 
presence of an interface is essentially a planar defect in a three-dimensional hydrogen 
 178 
bond network. With an interface it was possible to contrast water molecules at the 
interface (with fewer or weaker hydrogen bonds) with those in the bulk. Micelles, in 
particular, are interesting because the ratio of interface (surface area) to bulk (volume) 
can be controlled by controlling the size of the micelle. Micelles have been used with 
heavy water and the IR spectrum deconvoluted to identify three states of water.188,190 In 
fact, proton transport and water environment in not only reverse micelles but also Nafion 
membranes have been studied with fluorescence spectroscopy and found to be quite 
similar at similar water concentrations.189  
 
More recent studies calculated second derivatives of water spectra to determine the 
locations of maxima in the O-H stretching region. The locations agree well among many 
studies,191 even with several that tracked isosbestic locations rather than maxima in the 
second derivative. The locations are ~3540 and 3430-3360 cm-1 (shifting with changing 
conditions), where ~3540 cm-1 corresponds to the O-H stretching of less hydrogen 
bonded water molecules and 3430-3360 cm-1 corresponds to the O-H stretching of fully 
hydrogen bonded water molecules.  
 
The hydrogen bond network structure of aqueous solutions have frequently been 
discussed in terms of the structure making or structure breaking effect of the solute.168 
The effect of a non-polar solute on the hydrogen bond network of water is dependent on 
the size of the solute, where it can increase the strength of the hydrogen bonds if its size 
improves the tetrahedral packing, but it decreases the strength of the hydrogen bonds of 
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water if it is much smaller or larger. Ionic solutes, on the other hand, have a very strong 
hydration shell followed by a structure broken layer.192 The strong hydration shell is 
attributed to the charge aligning the dipoles of all the water molecules around it in the 
same direction, maximizing hydrogen bonding. This alignment then leads to a structure 
broken layer because the tetrahedral hydrogen bond network consists roughly of 
alternating dipoles. It is in the context of aqueous electrolyte solutions that the states of 
water in Nafion will be discussed, similar to previous work with desalination 
membranes.193 
  
Water in polymers is a field of interest for many applications including food packing, 
device coatings, water purification, humidity sensors, and fuel cells. In addition, it is of 
scientific interest due to the complex nature of water (hydrogen bond network) and 
polymers (covalent bond network). Water in polymers has been studied with many of the 
same techniques as those used to study pure water, such as nuclear magnetic resonance 
spectroscopy (NMR),169-171,194 differential scanning calorimetry (DSC),195-198 Raman 
spectroscopy,199-202 and Fourier transform infrared spectroscopy (FTIR).198,203-208 A 
review of the study of water in polymers using NMR concluded that multiple, 
complimentary experimental techniques is the best approach to understanding water in 
polymers because of the complexity of the system.170 Another review on water in 
polymers focused on FTIR-ATR and determined that intermolecular interactions can 
have significant effects on transport and can be measured quantitatively with this 
technique.173 
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Several groups have studied the states of water in Nafion using differential scanning 
calorimetry (DSC).22,209-211 These groups have found a population of water in Nafion that 
freezes at approximately 0°C similar to pure liquid water and termed it bulk-like water. 
There is another population that freezes at a suppressed temperature, which has been 
referred to as weakly bound water. And a third population that does not freeze within the 
range of the experiments and it was referred to as strongly bound water. Other groups 
have hypothesized about the physical nature of the three observed states of water.22,198,212 
They have proposed that bulk-like water is participating exclusively in hydrogen 
bonding, most likely with other water molecules. Weakly bound water, with a suppressed 
freezing point, is caused either by ionic interactions or because of confinement effects. 
With sulfonate anions and protonated water species present there are ionic interactions 
with the waters of solvation (the shell around the ions).14 The water molecules engaged in 
solvation are experiencing stronger intermolecular interactions than bulk-like water, 
which requires removal of more energy (lower temperature) before they will crystallize 
(freeze). The strongly bound state of water is likely, hydronium ion or larger protonated 
water species, such as Zundel or Eigen ions.  
 
Equilibrium states of water in PEMs have been studied with Fourier transform infrared 
(FTIR) spectroscopy in transmission mode,102-104,106,213 and a review of those results 
presented by Zundel.214 FTIR-ATR has been used for qualitative investigations into 
Nafion microstructure.144,215 Two investigation have attempted deconvolution of water in 
Nafion, one using Fourier self-deconvolution216 and another using the shapes of bulk 
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water and dry Nafion (with a very small embedded water state),105 but only one study has 
calibrated transmission mode FTIR, i.e. performed a quantitative investigation. This 
study found that acid form Nafion absorbed IR so strongly that no signal reached the 
detector. They were able to calibrate the total O-H stretching absorbance to water 
concentration in sodium form Nafion.217 Although water in Nafion has been studied 
qualitatively, a quantitative assessment of the concentration of each state of water in 
Nafion and the relation to proton conductivity is needed.  
 
The theme of the research on water in polymers is that intermolecular interactions 
significantly affect properties of the systems (e.g., proton conductivity) and that multiple 
experimental techniques are best used to examine those effects. This work will combine 
the techniques of gravimetric sorption, dilation, and FTIR-ATR spectroscopy to 
quantitatively measure the states of water in Nafion and the connections between the 
states of water and proton conductivity will be analyzed. Furthermore, this work is the 
first to the authors’ knowledge to present dynamic states of water in Nafion with the use 
of time-resolved FTIR-ATR spectroscopy. 
 
6.2. Experimental 
6.2.1. Deconvolution 
Deconvolution consisted of first subtracting a linear baseline from the minima on either 
side of the peak of interest. Baseline-corrected absorbance versus wavenumber data was 
then imported into Fityk, a free deconvolution program available online. There are built-
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in functions in this program that can be automatically placed under the data or manually 
inserted, which allows the initial parameter values to be chosen. The desired number of 
peaks were placed and non-linearly regressed to minimize the error between the sum of 
the peaks and the data using the Levenberg-Marquardt method. Typically a Voigt 
function was used that had four fitting parameters: height, location, half width at half 
maximum (HWHM), and shape (fraction Lorenztian). The Voigt function is simply a 
weighted mixture of Gaussian and Lorentzian shapes. Usually the shape of the Voigt 
function went to zero (or a very small number) upon regression, in which case a Gaussian 
function was used to replace the Voigt function and the regression repeated. On the other 
hand, if the shape of the Voigt function approached one upon regression then it was 
replaced with a Lorentzian function and the regression repeated. This decreased the 
number of adjustable parameters to three: height, location, and HWHM. In all cases the 
deconvolution regression was performed independently, multiple times to confirm that 
the result was a real minimum.  
 
6.3. Results 
FTIR spectroscopy detects absorption of infrared energy that has the same frequency as a 
bond vibration. Therefore, peaks in the IR spectrum can be associated with a particular 
chemical bond (i.e. functional group). Table 6.1 lists mid-IR (4000-650 cm-1) band 
assignments for water,24,150-152,159 and Table 6.2 contains those for dry 
Nafion20,103,144,160,161,163-166,218 observed with FTIR-ATR spectroscopy in this study. The 
tables are compared with literature of not only equilibrium studies of Nafion, but also of 
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similar systems that correspond to a particular part of the Nafion chemical structure 
(Figure 1.2), such as Teflon (C-F),219 sulfuric acid (C-S and S-O),161 and Zundel ions 
(H5O2+).160,214 In addition, fundamentals of IR spectroscopy were considered in making 
assignments, e.g., ether.144,163,165 Finally, some assignments were determined using time-
resolved deconvolution results. 
  
Table 6.1. Infrared band assignments for water spectra. 
Band Maximum 
(cm-1) 
Bond Assignment 
(ν) Reference 
Reference 
Band 
Maximum 
(cm-1) 
3374 H-bonded O-H Stretch 
150 
159 
151 
214 
3360 
3375 
3400 
3700-2500 
2116 H-O-H Bend with y-Librations  151 2110 
1640 H-bonded H-O-H Bend 152 151 
1639 
1640 
696 y-Librations 24 800-500 
 
 
 
 184 
 
Table 6.2. Infrared band assignments for dry Nafion spectra. 
Band Maximum 
(cm-1) 
Bond Assignment 
(ν) Reference 
Reference 
Band 
Maximum 
(cm-1) 
2758-2731 (SO3
-)H3O+ Asymmmetric Stretch 
SO3H---SO3H bridge stretch 
160 
214 
2840 
2950 
2204-2199 
(SO2)O-H Stretch 
SO3H---SO3H bridge + C-F2 
overtones SO3H---SO3H bridge bend 
overtone 
 
161 
219 
214 
2280 
2360 
2405 
1724-1684 (H2O)nH+ Bend 
160 
219 
1620 
1700 
1450 O=S=O Asymmetric Stretch 
218 
163 
161 
214 
1452 
1448 
1368-1365 
1350 
1400 
1304 
C-C Vibrations 
C-F3 Vibrations 
High wavenumber of  
split S-O3- Asymmetric Stretch 
144 
164 
219 
1300 
1350-1120 
1300 
C-F2 Asymmetric Stretch 
163, 220 
144 
165 
219 
1200 
1216 
1199 
1210 
1250-1198 
O=S=O Symmetric Stretch 
218 
163 
161 
214 
1216 
1218 
1195-1170 
1172 
 
C-F2 Symmetric Stretch 
163, 220 
165 
219 
1100 
1144 
1140 
1153-1147 
HO-S Bend 
166 
218 
163 
1156 
1148 
1157-1136 
1060 S-O3- Symmetric Stretch 
163, 220 
165 
166, 214 
20 
103, 219 
1060 
1057 
1034 
1071-1056 
1060 
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Band Maximum 
(cm-1) 
Bond Assignment 
(ν) Reference 
Reference 
Band 
Maximum 
(cm-1) 
Side chain Stretch 
C-F of CF2-CF(CF3) 
163 
144 
220 
980 
983 
980 982 
C-O-C Asymmetric Stretch 165 
219 
981 
980 
C-O-C Symmetric Stretch 
163, 103, 
219, 220 
144 
165 
960 
970 
966 966.5 
HO-S Stretch 161 214 
973-967 
907 
805 C-S Stretch 144 165 
805 
804 
717 C-F2 Symmetric Stretch 144 719 
660-657 C-F2 Bend C-F2 Bend + C-S and S-O Stretches 
144 
219 
667 
630 
Table 6.2 continued 
 
 
Figure 6.1 shows the FTIR-ATR spectra of liquid water, water vapor, hydrated Nafion, 
and dry Nafion. The peaks identified in Table 6.1 can be seen in the spectra of liquid 
water and somewhat in the spectra of water vapor. The spectrum of liquid water is much 
more intense than water vapor because FTIR-ATR absorbance is proportional to 
concentration (equation 3.3). The density (concentration) of liquid water is 1 g/mL (55 
mol/L at 30°C), and the density of water vapor is over four orders of magnitude lower at 
3.1 x 10-5 g/mL (0.0017 mol/L at 30°C). Water in Nafion is in a condensed state, so it is 
reasonable that the absorbance is between liquid water and water vapor. In fact, the 
equilibrium concentration of water in Nafion has been measured (17 mol/L at 30°C and 
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100% RH) and semi-quantitatively confirms the absolute absorbances of the three spectra 
that contain water in Figure 6.1. 
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Figure 6.1. Infrared spectra of water vapor (dotted line), liquid water (short-dashed line), 
dry Nafion (long-dashed line), and 100% RH equilibrated Nafion (solid line). 
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Water concentration in Nafion was calculated from water content, λ, that comes from 
water sorption isotherms (Figure 1.3) according to: 
€ 
C = λ( ) IEC( ) ρ RH( )( )  (6.1) 
where IEC is 0.91 mol(SO3H)/g(dry Nafion) and ρ(RH) is the density of Nafion as a 
function of relative humidity in g(dry Nafion)/L(wet Nafion), calculated from dilation 
data. Using measured volume (dilation) changes and λ = 14.0 mol(H2O)/mol(SO3H), the 
concentration of water in hydrated Nafion at 100% RH is 17.3 ± 4.8 mol/L. It should be 
noted that even when using interpolated values of λ to calculate water concentration in 
Nafion at 100% RH, the error from λ accounts for 70% of the 4.8 mol/L error. This is 
because there is a steep upturn in the water sorption isotherm near activity of 1 (100% 
RH). The error in calculated water concentration in Nafion at lower activity is much 
smaller, as shown in Table 6.3. Table 6.3 also lists the density of hydrated Nafion at each 
relative humidity used in this study. 
 
Table 6.3. Water content, Nafion-water density, and water concentration in Nafion as a 
function of the water activity. 
Water activity λ (mol(H2O)/mol(SO3H)) ρ (g/mL) CW (mol/L) 
0.0 1.1 ± 0.5 1.98 1.94 ± 0.93 
0.22 2.4 ± 0.4 1.88 ± 0.01 4.09 ± 0.61 
0.43 3.4 ± 0.4 1.81 ± 0.01 5.60 ± 0.70 
0.56 4.0 ± 0.4 1.76 ± 0.01 6.44 ± 0.71 
0.80 6.7 ± 1.1 1.66 ± 0.02 10.1 ± 1.6 
0.91 9.7 ± 1.7 1.57 ± 0.04 13.8 ± 2.5 
1.0 14 ± 3.6 1.35 ± 0.15 17.3 ± 4.8 
Liquid 22 1.27 25.3 
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The mid-infrared spectrum of the Nafion-water system (Figure 6.1) can essentially be 
divided into two regions. Between 4000 and 1500 cm-1 the main vibrations for O-H 
functional groups absorb, and between 1400 and 650 cm-1 most functional groups of the 
polymer absorb. The strongest absorbers for water (Table 6.1) are O-H stretching and H-
O-H bending. O-H stretching when hydrogen bonded is a broad, intense peak between 
3700 and 2800 cm-1. H-O-H bending is a sharper peak at ~1635 cm-1 that is overlapped 
by protonated-water bending of water in Nafion at ~1700 cm-1. The dry Nafion spectrum 
(Figure 6.1) can be correlated with the band assignments in Table 6.2. Specifically, the 
O-H stretching of sulfonic acid (2200 cm-1 and 2722 cm-1) can be seen in the pseudo-dry 
spectrum of Nafion. This peak is actually a combination band associated not only with 
sulfonic acid but also with complexes between sulfonic acid and protonated water. Also 
prominent in the O-H region of dry Nafion is the bending of protonated water at 1700 cm-
1. The polymer functional groups of Nafion (C-F, S-O, C-O-C, and C-S) are visible in 
both dry and hydrated Nafion spectra of Figure 6.1 and their locations listed in Table 6.2. 
The absorbances are more intense in dry Nafion, which is to be expected because the 
density of dry Nafion 1.98 g/mL is higher than hydrated Nafion 1.35 ± 0.15 g/mL. 
Despite large concentration changes caused by swelling of Nafion in water, the change in 
refractive index (n) is minor, i.e. 2% difference between Nafion (1.364)108 and water 
(1.333)130. A large change in refractive index would complicate, or even render 
impossible, the calibration of FTIR-ATR absorbance with functional group 
concentration. 
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The repeatable dry condition used in this work (drying at 30°C) has been shown to leave 
tightly-bound water molecules in the polymer.35,135 The O-H stretching of anhydrous 
sulfonic acid at 2200 cm-1 and 2722 cm-1 and protonated water at 1700 cm-1 in the 
spectrum of dry Nafion are probably distributions of rapid equilibrium exchange and 
remain in 30°C dry Nafion because of remaining strongly bound water. To examine this, 
Nafion was dried at 80°C and the three bands were seen to decrease further (Figure 6.2).  
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Figure 6.2. Comparison of the infrared spectra of Nafion dried at 30°C (solid line) to 
Nafion dried at 80°C (dashed line). The inset highlights the polymer fingerprint region. 
 
 
In the inset of Figure 6.2, new bands are visible in the polymer region of Nafion dried at 
80°C corresponding to fully anhydrous sulfonic acid (without exchange). As the strongly 
bound water molecules are removed and the condensation reaction is forced to 
completion, rapid equilibrium exchange ceases. This causes the S-O bonds to lose the 5/3 
resonance nature and obtain either double bond (S=O; 1405 cm-1) or single bond (S-OH; 
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905 cm-1) structures. Also, the split symmetric S-O3- resonance stretch (1060 cm-1 and 
~1300 cm-1; convoluted with C-F2 doublet) decrease. Finally, the peak at 967 cm-1 
decreases. This peak has been proposed as the absorbance of the ether symmetric 
stretching vibration; perhaps there is an overtone with the sulfonate anion or the 
symmetry is broken as the final water molecules (and their plasticizing effect) disappear. 
Clearly, dramatic changes in chemistry occur when the final water molecules are 
removed from Nafion.  
 
Returning to water, peak shifting can be seen in Figure 6.3, where the normalized O-H 
stretching absorbance of liquid water, water vapor, and hydrated Nafion are depicted. In 
liquid water, with a higher concentration, there are more hydrogen bonds than in water 
vapor, which is why the O-H stretching absorbance of liquid water is located at lower 
wavenumber (3330 cm-1) than water vapor (3390 cm-1). Hydrated Nafion absorbance is at 
higher wavenumber (3430 cm-1) even than water vapor, suggesting that there are even 
fewer hydrogen bonds. This is reasonable since the water molecules in Nafion, though 
more concentrated than water vapor, have disrupted hydrogen bonds near the ionic 
hydration shells. However, there is a tail to the O-H stretching of hydrated Nafion that 
extends to lower wavenumbers compared to both forms of pure water. The O-H 
stretching of water molecules in the ionic hydration shell most likely absorb at these 
lower wavenumbers. On the other hand, the location of the H-O-H bending peak (not 
shown) has the opposite trend for all three spectra: liquid water (1639 cm-1), water vapor 
(1635 cm-1), and hydrated Nafion (1630 cm-1), which is expected because H-O-H bending 
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shifts to higher wavenumber with increasing intermolecular interaction strength. So there 
is agreement about the strength of hydrogen bonds from O-H stretching and H-O-H 
bending locations. 
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Figure 6.3. Normalized O-H stretching spectra of liquid water, water vapor, and 100% 
RH equilibrated Nafion. 
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To gain further insight into the states of water in Nafion, the O-H stretching and H-O-H 
bending regions of hydrated and dry Nafion were deconvoluted and are shown in Figures 
6.4 and 6.5, respectively. Deconvolution allowed more quantitative evaluation of 
overlapping peaks. The O-H stretching region of hydrated and dry Nafion were 
deconvoluted with three Gaussian peaks. For the H-O-H bending region of hydrated and 
dry Nafion, a Gaussian peak was used along with a split Gaussian peak. The split 
Gaussian function only differs from a simple Gaussian function in that the value of each 
half width (HWHM) can be varied separately. In other words, a split Gaussian function 
has four fitting parameters: height, location, HWHM left, and HWHM right. The 
advantage of using a split Gaussian function is that it can account for two heavily 
overlapped peaks with four fitting parameter, where two Gaussian functions would 
require six fitting parameters. As with any modeling, as more peaks are added (i.e. more 
fitting parameters introduced) the quality of the regression improves. The choice of the 
number, shape, and placement of peaks was chosen based on consistency of transient 
results. Steps were taken to minimize the number of fitting parameters whenever 
possible. For example, the peak location at 2722 cm-1 in Figures 6.4 and 6.5 was fixed in 
order to improve the stability of the regressions.  
 
The location of the high wavenumber peak in the deconvolution of the O-H stretching 
region of Nafion (3480 cm-1, Figure 6.4; 3378 cm-1, Figure 6.5) is similar to that found in 
literature for fully hydrogen bonded pure water (3430-3360 cm-1), although, as discussed, 
the hydrogen bonding is weaker. This suggests that bulk-like water in Nafion is similar to 
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hydrogen bonded pure water just with weaker hydrogen bonds. Similar to less hydrogen 
bonded pure water in literature, deconvolution improves when an extremely small peak is 
placed at ~3540 cm-1 in the Nafion spectra, which may correspond to an extremely small 
concentration of less hydrogen bonded water molecules in the hydrophobic matrix of 
Nafion. This peak did not change with changing conditions and because of its small size 
it was neglected in the deconvolution presented in this work. 
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Figure 6.4. Deconvolution of the O-H stretching region (left) and H-O-H bending region 
(right) of the spectrum of Nafion equilibrated in pure water vapor (100% RH). 
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Figure 6.5. Deconvolution of the O-H stretching region (left) and H-O-H bending region 
(right) of the spectrum of dry Nafion. 
 
 
In the H-O-H bending region, the Gaussian peak corresponding to H-O-H bending is 
located at the same location in hydrated and dry Nafion 1630 cm-1 (Figures 6.4 and 6.5) 
but is much smaller in dry Nafion. This suggests that the H-O-H bending absorbance is 
not extremely sensitive to hydrogen bonding, which agrees with literature.221 The split 
Gaussian peak in hydrated (Figure 6.4) and dry Nafion (Figure 6.5) located at 1699 cm-1 
and 1694 cm-1, respectively, corresponds to H-O-H bending of protonated water species 
and is slightly larger in hydrated Nafion suggesting that equilibrium of the hydrolysis 
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reaction (equation 5.1) favors the products slightly less in dry Nafion where there is less 
water. This absorbance may be a combination of hydronium ion (H3O+) and Zundel ion 
(H5O2+) bending, which supports the use of a split Gaussian function.  Unfortunately, the 
overlapping (perhaps from rapid exchange) is such that it is not possible to further resolve 
the protonated water species. The protonated water bending vibration absorbs at 
significantly different wavenumber than non-protonated water bending, suggesting that 
the stronger, ionic interactions affect the bending vibration of water.  
 
In the O-H stretching region of Figures 6.4 and 6.5 the highest wavenumber peak (3480 
cm-1, Figure 6.4; 3378 cm-1, Figure 6.5) is defined as bulk-like water because it is located 
at a similar position to the O-H stretching absorbance of hydrogen bonded bulk water. 
The next lower wavenumber peak (3282 cm-1, Figure 6.4; 3042 cm-1, Figure 6.5) is 
defined as O-H stretching of the water molecules of the ionic hydration shell. The lowest 
wavenumber peak was fixed at 2722 cm-1 in all conditions to maintain stability in 
transient deconvolutions and is attributed to sulfonic acid vibrations. There remains a 
small, but detectable absorbance at 2722 cm-1 in hydrated Nafion because sulfonic acid 
complexes contribute to the absorbance at this location and, therefore, rapid exchanges 
between sulfonic acid and water are present. Furthermore, it is possible that there are 
isolated sulfonic acid groups in Nafion that cannot be hydrolyzed by water.  
 
In hydrated Nafion (Figure 6.4), the absorbances of bulk-like and ionic hydration water 
are nearly equal. The average chemical environment of the bulk-like water molecules is 
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similar to that of bulk water. Ionic hydration water molecules in hydrated Nafion can be 
those water molecules solvating either the sulfonate anions or protonated water species. 
Dry Nafion (Figure 6.5) has significant absorbance by sulfonic acid in the stretching 
region and significant absorbance by protonated water in the bending region with small 
populations of both states of water, albeit at significantly different locations than in 
hydrated Nafion. In fact, the O-H stretching of ionic hydration water and the O-H 
stretching of sulfonic acid absorb at similar locations in dry Nafion implying that they are 
in similar chemical environments; an environment that is much different than bulk water. 
Table 6.4 shows the locations of all the deconvoluted peaks.  
 
Table 6.4. Equilibrium locations of deconvoluted O-H stretching and H-O-H bending 
absorbances. 
 O-H Stretching (cm-1) H-O-H Bending (cm-1) 
Hydrated Nafion 3480 3282 2722 1630 1699 
Dry Nafion 3378 3042 2722 1630 1694 
 
 
The O-H stretching and H-O-H bending regions in spectra of Nafion equilibrated at 0, 22, 
43, 56, 80, and 100% RH were deconvoluted. The deconvoluted FTIR-ATR equilibrium 
data was then calibrated. Accurate concentrations are necessary to calibrate FTIR 
absorbance data. Following the procedure for multicomponent sorption in Chapter 3, a 
mass balance was considered: 
€ 
CT = C1700 + C1630 (6.2) 
where CT is the total water concentration in Nafion from literature isotherms, C1700 is the 
concentration of protonated water, and C1630 is the concentration of non-protonated water. 
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When the thickness of the membrane, ℓ, is much greater than the depth of the evanescent 
wave from IR-ATR reflection, dp, absorbance is directly proportional to concentration 
according to equation 3.3. 
 
 Lumping constants and substituting equation 3.3 into equation 6.2 and rearranging gives: 
€ 
CT =
AP
εPdpP
+
AW
εWdpW
 (6.3) 
where Ai, εi, dpi represent the absorbance, extinction coefficient, and depth of penetration 
for species i, where P and W correspond to protonated water and non-protonated water, 
respectively. Dividing equation 6.3 by AP gives: 
€ 
CT
AW
=
1
εPdpP
AP
AW
+
1
εWdpW
 (6.4) 
Plotting CT/AP versus AW/AP (shown in Figure 6.6) yields the calibration constants for 
non-protonated water 1630 cm-1 (slope) and protonated water 1700 cm-1 (y-intercept). 
The calibration constants (extinction coefficients and penetration depths) for water H-O-
H bending and protonated water bending were used to calculated non-protonated and 
protonated water concentrations, which are shown as a function of water activity in 
Figure 6.7.  
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Figure 6.6. Calibration of the deconvolution of the H-O-H water bend (AW) and the 
protonated water bend (AP) with total water concentration in Nafion (CT) at each 
equilibrium humidity. 
 
 
The fraction, Fi, of each state of water in the O-H stretching region can be calculated by 
dividing its concentration, Ci, by the total concentration of the two states, Ci + Cj.  
€ 
Fi =
Ai
εidpi
Ai
εidpi
+
A j
ε jdpj
 (6.5) 
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The two states of water in the OH stretching region are heavily overlapped suggesting 
that they have similar extinction coefficients. If εidpi = εjdpj then: 
€ 
Fi =
Ai
Ai + A j
 (6.6) 
If C1630 is the concentration of total non-protonated water and each fraction is a state of 
non-protonated water, then each fraction can be multiplied by the total non-protonated 
water concentration, C1630, to calculate the concentration of each state of water at each 
activity.  
€ 
Ci = C1630Fi  (6.7) 
The concentrations of each state of water are shown in Figure 6.7. The concentrations in 
Figure 6.7 are denoted by the location of the average infrared absorbance across all 
relative humidities. Protonated water concentration, C1700, remains nearly constant 
(decreasing slightly with increasing activity because of dilution) at a value of about 1 
mol/L. Bulk-like water, C3475, and ionic hydration water, C3240, increase similarly at low 
activity. At high activity, the upturn in total water concentration is accounted for more by 
ionic hydration water, C3240. Total non-protonated water, C1630, is a sum of the two states 
of water.  
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Figure 6.7. Concentration of each state of water in Nafion (protonated water - C1700 (), 
bulk-like water - C3475 (), ionic hydration water - C3240 (), and total non-protonated 
water - C1630 ()) versus water activity. 
 
 
The upturn at high activity of ionic hydration water, C3240, may be caused in part by the 
water content in Nafion reaching a high enough level that the protonated water species 
are shielded from the sulfonate anions and become mobile. In other words, a larger 
fraction of the water in Nafion is now hydrating ions because protonated water species 
are more diffused throughout the ionic domains. 
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Figure 6.8. Water content of each state of water in Nafion (protonated water - λ1700 (), 
bulk-like water - λ3475 (), ionic hydration water - λ3240 (), and total non-protonated 
water - λ1630 ()) versus water activity. Also shown is total water content from literature 
sorption isotherms (λTotal ()). 
 
 
The concentration of each state of water can be converted to normalized water content (λ) 
simply by using the density (g(dry polymer)/L(Total)) at each activity and the ion 
exchange capacity of Nafion, 0.91 (mol(SO3H)/g(dry polymer)). The water content of 
each state of water in Nafion, λi, is shown in Figure 6.8, and the results are similar to 
Figure 6.7. The total water concentration from literature isotherms is also shown in 
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Figure 6.8. The total water content is a sum of all three states of water:  protonated water, 
C1700, ionic hydration water, C3240, and bulk-like water, C3475. 
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Figure 6.9. Four-electrode (in-plane) proton conductivity of Nafion 117 as a function of 
temperature at 90 (), 80 (), 40 (), 20 (), and 10% RH (). 
 
 
Four-electrode conductivity tests (parallel to the plane of the membrane) were performed 
on Nafion at increasing and then decreasing temperatures (30 up to 150 down to 30°C) 
and relative humidities (10%, 20%, 40%, 80%, and 90% RH) and are shown in Figure 
6.9. The system used to control temperature and humidity was not pressurized, which 
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limited the maximum temperature at which a given relative humidity could be obtained. 
Therefore experiments at 80 and 90% RH only extended to 80°C, experiments at 40% 
RH extended to 110°C, experiments at 20% RH extended to 140°C, and experiments at 
10% RH extended to 150°C. The minimum water content at which Nafion can conduct 
has been examined: literature values of λ = 1.3 mol H2O/mol SO3, which corresponds to 
an activity of ~0.07.222 The conductivity experiments performed at 10% RH (activity 0.1) 
are on the cusp of Nafion becoming an insulator, which is why the error bars are so large 
in Figure 6.9. 
 
The arrows in Figure 6.9 show the direction of temperature change. Figure 6.9 shows that 
at high humidities, in which the experiment did not extend above 80°C, there was no 
hysteresis. However, at lower relative humidities, where it was possible to go to higher 
temperatures, there was significant hysteresis. It is hypothesized that this hysteresis is 
caused by a switching from the expanded form of Nafion in the up scan of temperature to 
the shrunken form of Nafion in the down scan of temperature, which causes a decrease in 
equilibrium water content that can only be recovered by boiling in water. Expanded and 
shrunken forms of Nafion have been frequently observed in literature.35,136,137 In addition, 
hysteresis behavior has been observed before, but only at humidities less than 70% and 
temperatures 80°C and above, in agreement with this work.222 However, the shrinking 
that occurs at high temperature and low humidity could degrade the contact between the 
electrodes and the polymer introducing extra interfacial resistance in the down scan. In 
other words, some of the hysteresis could be due to increased interfacial resistance 
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decreasing the apparent proton conductivity. Therefore, the up scan conductivity values 
were used for subsequent analysis.  
 
The conductivity at 30°C at each relative in Figure 6.9 is presented in Figure 1.4 (closed 
symbols) as a function of Nafion water content. From Nafion equilibrated at 10% to 90% 
RH, the proton conductivity at 30°C increased from 7.6 x 10-4 to 6.4 x 10-2 S/cm, nearly 
two orders of magnitude. This finding agrees well with data from literature depicted in 
Figure 1.4 as open symbols.34-43 In fact, the solid line is a trend line for all data shown.  
 
The differences in conductivity relative to the degree of hydration of Nafion can be 
described in terms of proton transport mechanisms. In dry Nafion there are two or less 
water molecules per sulfonic acid site,41,223 which are strongly bound via electrostatic 
forces. The limited water molecules provide little transport assistance requiring protons 
or hydronium ions to essentially hop from one ionic site to the next. Furthermore, the dry 
Nafion morphology results in ionic sites that are isolated and separated by large distances 
from one another relative to the size of a hydronium ion. These factors result in poor 
proton conduction through the membrane. With increasing hydration, water solvates 
hydronium ions partially shielding them from the sulfonate anions and allowing 
hydronium ions to more readily diffuse through the polymer. Upon full hydration, the 
ionic sites in Nafion are fully solvated and swollen. Water forms an interconnected 
network that stabilizes protonated water species. 
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Nafion conductivity was plotted as a function of the content of each state of water. The 
four-electrode proton conductivity at 30°C and each relative humidity of the FTIR-ATR 
experiments (22%, 43%, 56%, 80%, and 100% RH) was interpolated from the data 
presented in Figure 6.9. The results are shown in Figure 6.10.  
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Figure 6.10. Nafion proton conductivity at 30°C versus the mole fraction of each state of 
water:  protonated water 1700 cm-1 (), bulk-like water 3475 cm-1 (), ionic hydration 
water 3240 cm-1 (), total non-protonated water 1630 cm-1 (), total water from 
literature isotherms (). 
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First, Nafion conductivity actually increases with decreasing protonated water content, 
C1700 (). This can be considered in the context of work by Siu, Schmeisser, and 
Holdcroft.224 They performed low temperature conductivity and differential scanning 
calorimetry (DSC) experiments and found that dilution of hydronium occurs, but does not 
decrease the conductivity, therefore bulk-like water, C3475 (), must increase proton 
mobility, which appears to be true, although the effect of bulk-like water on proton 
conductivity is weak (shown in Figure 6.10). Ionic hydration water, C3240 (), however, 
increases more significantly with increasing proton conductivity, suggesting that Nafion 
conductivity is more dependent on ionic hydration water than bulk-like water. 
Furthermore, Siu et al.224 found that at low RH (or low temperature where bulk-like water 
is frozen and not contributing significantly to proton conduction) weakly bound (defined 
in this work as ionic hydration) water is responsible for proton conduction. The stronger 
dependence of conductivity on ionic hydration water supports this assertion. Finally, the 
total non-protonated water content, C1630 (), also increases significantly with increasing 
Nafion proton conductivity, probably because it is a sum of bulk-like water and ionic 
hydration water. This finding shows that an optimum PEM for low humidity operation is 
one with maximal ionic hydration (or weakly bound) water content. The total water 
content from literature isotherms () consists of all water species in Nafion and includes 
a weak positive effect from bulk-like water, a strong positive effect from ionic hydration 
water, and a weak negative effect from protonated water.  
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As the water content in Nafion increases, protons are farther separated from sulfonate 
groups. This has several implications. First, the protonated species are now mobile, which 
explains the increase in conductivity. With a second mobile species the entropy of the 
system is greater, which has been observed before in PEMs.225 With protonated water 
mixed throughout the hydrophilic domains, the amount of ionically interacting water also 
increases. As can be seen in Figure 6.7 and 6.8, the concentration of ionically interacting 
water increases more dramatically than the amount of bulk-like water. Unfortunately, 
even with FTIR-ATR it is not possible to distinguish between the water molecules that 
are interacting with sulfonate anions from those interacting with protonated water 
species. However, conclusions can be drawn from the mobility of the protonated species. 
From Figure 6.7 it is known that the concentration of protonated species decreases 
slightly as it is diluted by increasing water content. It is known from Figure 1.4 that the 
conductivity of Nafion increases with increasing water content. The increased mobility of 
the protonated water species must outweigh the decreased concentration of protonated 
water species. 
 
6.4. Time-Resolved Deconvolution 
The deconvolution of selected spectra from an integral experiment from 0 to 80% RH 
water in Nafion is shown in Figure 6.11 for the O-H stretching region and Figure 6.12 for 
the H-O-H bending region. The error between the sum of the deconvoluted peaks and the 
data was minimized, as discussed in the experimental section. The area of each 
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deconvoluted peak was measured at each time point, and the normalized value is plotted 
as a function of time in Figure 6.13.  
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Figure 6.11. Deconvolution of selected spectra in the O-H stretching region for an 
integral experiment from 0 to 80% RH of water in Nafion. Arrows indicate direction of 
spectral change with time. 
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Figure 6.12. Deconvolution of selected spectra in the H-O-H bending region for an 
integral experiment from 0 to 80% RH of water in Nafion. Arrows indicate direction of 
spectral change with time. 
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Figure 6.13. Time-resolved normalized deconvoluted absorbance for an integral 
experiment from 0 to 80% RH of water in Nafion: protonated water at 1700 cm-1 (), 
bulk-like water at 3475 cm-1 (), ionic hydration water at 3240 cm-1 (), total non-
protonated water at 1630 cm-1 (), total convoluted water in the O-H stretching region 
(), and sulfonic acid at 2722 cm-1 () as a function of time. 
 
 
In Figure 6.13, the O-H stretch of anhydrous sulfonic acid decreases as the hydrolysis 
reaction occurs. In addition, the bending absorbance of protonated water increases to a 
maximum and then decreases (overshoot). The absorbance of the states of non-protonated 
water all increase at similar rates, where the absorbance of the O-H stretching of bulk-
like water and the H-O-H bending of total non-protonated water are quite similar and 
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increase slightly more rapidly than the O-H stretching absorbance of ionic hydration 
water. This was the case for all integral experiments to moderate humidities and could be 
explained by the interaction with the immobile acid sites retarding the diffusion of ionic 
hydration water, while the bulk-like water could diffuse freely in the expanded ionic 
domains. The absorbance of the total O-H stretching region increases at a rate between 
the rates of the two deconvoluted water peaks in that area. 
 
In order to examine the hydrolysis reaction, the time-resolved normalized deconvoluted 
absorbance for an integral experiment from 0 to 43% RH water in Nafion is shown in 
Figure 6.14. For clarity the time-resolved normalized deconvoluted absorbances of the 
non-protonated water states are not shown. The O-H stretching absorbance of bulk-like 
water and total water had a similar, slow increase. The O-H stretching absorbance of 
ionic hydration water had a faster rate that matched the rate of the ionic species. This was 
the case for all integral experiments at low humidity, and can be explained by the 
interaction with the protonated water species promoting the diffusion of ionic hydration 
water, while narrow ionic domains hindered the diffusion of bulk-like water.  
 
The O-H stretching absorbance of anhydrous sulfonic acid (2722 cm-1) decreased with 
time as the hydrolysis reaction occurred. In Figure 6.14, it is shown inverted so that its 
rate can be compared to sulfonate anion stretching (1060 cm-1) and protonated water 
bending (1700 cm-1). Initially, all three species increased at the same rate, which an 
elementary reaction would predict. However, protonated water then experiences an 
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apparent overshoot. This overshoot was more significant in experiments to higher relative 
humidity (Figure 6.13), and can be explained by a combination of reaction and dilution. 
Initially the sulfonic acid sites are hydrolyzed, generating protonated water species and 
causing the absorbance to increase. After all the sites have reacted, water can diffuse into 
the polymer diluting the concentration of protonated water and causing the absorbance to 
decrease. Comparing Figures 6.13 and 6.14 in experiments to higher humidity (Figure 
6.13), the reaction is faster and the amount of dilution is greater, resulting in larger 
overshoot than in experiments to lower humidity (Figure 6.14). Also, in experiments to 
higher humidity, the anhydrous sulfonic acid decreased more suddenly and rapidly than 
in experiments to lower humidity.  
 
In order to demonstrate that dilution explains the decrease in protonated water 
absorbance, the data in Figure 6.14 is shown again in Figure 6.15 with the ether 
absorbance of Nafion. The rate of decrease of the ether absorbance of Nafion, which is 
caused by dilution agrees well with the decrease of the protonated water absorbance. 
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Figure 6.14. Normalized absorbance for an experiment from 0 to 43% RH water in 
Nafion illustrating the hydrolysis reaction between sulfonic acid at 2722 cm-1 () 
inverted and water (not shown) to form protonated water at 1700 cm-1 (), and sulfonate 
anion 1060 cm-1() as a function of time. 
 
 215 
0
0.2
0.4
0.6
0.8
1
1.2
1.4
0 400 800 1200 1600
N
or
m
al
iz
ed
 A
bs
or
ba
nc
e
Time (s)  
Figure 6.15. Normalized absorbance for an experiment from 0 to 43% RH water in 
Nafion illustrating the dilution effect of water diffusion into the membrane, where the 
initial increase of protonated water at 1700 cm-1 () is similar to the inverted rate of 
sulfonic acid at 2722 cm-1 () and the rate of sulfonate anion at 1060 cm-1 () and the 
decrease after overshoot is similar to the decrease of the ether doublet of the polymer at 
981 and 967 cm-1 (). 
 
 
Differential experiments were also performed, in which the water vapor activity was 
changed in smaller increments. Such experiments decrease the effect that concentration 
dependent changes have on the time-resolved data. In other words, if the diffusion 
coefficient changes with concentration or if the density of the polymer changes as it sorbs 
water, then differential experiments minimize the effect of those changes. Figure 6.16 
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shows time-resolved normalize absorbance of protonated water and ether for an 
experiment from 43 to 56% RH. In this experiment, the hydrolysis reaction was 
complete, therefore the absorbance of anhydrous sulfonic acid O-H stretching (not 
shown) was small and did not change with time. The fact that the anhydrous sulfonic acid 
absorbance was not zero may be the result of isolated sulfonic acid sites that are sealed 
from water by the hydrophobic matrix. In this experiment, the absorbances of bulk-like 
water (3475 cm-1), ionic hydration water (3240 cm-1), and total non-protonated water 
(1630 cm-1) all increased with similar rates (data not shown). Figure 6.16 shows that the 
absorbance of protonated water bending decreases at the same rate as the ether 
absorbance of Nafion. In other words, only dilution occurs in differential steps that do not 
begin with Nafion in the dry state. Therefore, protonated water (1700 cm-1) does not 
experience an overshoot because it was previously produced by the hydrolysis reaction 
during the 0 to 22% RH step. Deconvolution of dynamic states of water in Nafion further 
clarify the mechanisms that cause non-Fickian diffusion. 
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Figure 6.16. Normalized absorbance for a differential experiment from 43 to 56% RH 
water in Nafion illustrating only the dilution effect, where the decrease in absorbance of 
protonated water at 1700 cm-1 () is similar to the ether doublet of the polymer at 981 
and 967 cm-1 (). 
 
 
Dynamic deconvolution also allows conclusions to be drawn about the mobility of the 
protonated water. From Figure 6.7 it is known that the concentration of protonated water 
decreases slightly with increasing water content. It is known from Figure 1.4 that the 
conductivity of Nafion increases with increasing water content. With increasing water 
content, the increase in mobility of the protonated water species must outweigh the 
decrease in protonated water concentration. At moderate humidity using a conductivity 
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value of 0.003 S/cm, the Nernst-Einstein equation gives a proton diffusion coefficient of 
about 5 x 10-7 cm2/s, which agrees well with the effective mutual diffusion coefficient of 
water molecules in Nafion at moderate relative humidity under a concentration gradient. 
This suggests that the Grotthus mechanism may not be significant in Nafion at moderate 
relative humidity. 
 
6.5. Diffusion with Reaction 
As discussed in Chapter 5, a hydrolysis reaction occurs between water and the sulfonic 
acid of Nafion, which is so strong that a drying temperature of 30°C is not sufficient to 
drive the condensation reaction. In other words, Nafion dried at 30°C contains an 
equilibrium amount of water (~1 water molecule per sulfonic acid site).35,135 The 
spectrum of Nafion dried at 30°C does show an increase in the sulfonic acid O-H 
stretching as compared to the hydrated Nafion spectrum (Figure 6.1). Figure 6.2 shows 
that when Nafion is dried at 80°C the final water molecules are removed, causing new 
peaks associated with completely anhydrous sulfonic acid to appear in the FTIR-ATR 
spectrum. These peaks are O=S=O asymmetric stretching at 1410 cm-1 and S-OH 
stretching at 919 cm-1 (Table 2).  
 
It was shown in Chapter 5 using a diffusion model with reaction that such a model can 
account for an initial time lag in water diffusion data. Chapter 5 also demonstrated that 
the length of the time lag was a function of the final water content and initial acid 
concentration. Figure 6.17 shows two experiments from 0 to 22% RH, where the only 
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difference is in the temperature at which Nafion was dried before the experiment. The 
time lag is longer when Nafion was dried at 80°C than it is when Nafion was dried at 
30°C. It should be noted that the final O-H stretching absorbance of Nafion equilibrated 
at 22% RH was less when Nafion was dried at 80°C than when Nafion was dried at 30°C. 
So, different initial acid concentrations and different final water contents may be 
contributing to the longer time lag when the drying temperature is higher, confirming the 
diffusion-reaction model analysis in Chapter 5. 
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Figure 6.17. Time-resolved absorbance of the O-H stretching region for two experiments 
of 0-22% RH water in Nafion, where Nafion was initially dried at 30°C (solid line) or at 
80°C (dashed line).  
 
 
6.6. Diffusion with Polymer Relaxation 
In Chapter 5, a diffusion-relaxation model was presented to account for non-Fickian 
diffusion of water in Nafion when large concentration gradients were imposed. A 
shortcoming was that C-F groups in the backbone of Nafion could not be distinguished 
from C-F groups on the side-chains. Therefore, the C-F doublet was deconvoluted into 
two Gaussian peaks. Also, the nearby S-O symmetric stretch was fit with one Lorentzian 
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peak. As with water deconvolution, time-resolved data was used to determine the 
appropriate parameters for deconvolution. Figure 6.18 shows the deconvolution of dry 
Nafion and Figure 6.19 shows the result for Nafion equilibrate at 100% RH. A small peak 
at 1150 cm-1 (S-OH bending)163,166,218 improved the equilibrium regression but caused the 
time-resolved deconvolution to become unstable. When this peak was included in the 
equilibrium deconvolution it was small and similar in both dry and hydrated spectra. 
Therefore, neglecting it in the final analysis should not introduce much error.  
 
The S-O symmetric stretch (1060 cm-1) of the sulfonate anion narrows and shifts to lower 
wavenumber upon hydration (compare the right-most peak in Figures 6.18 and 6.19). 
This might be explained by the chemical environment as described by Mauritz and 
Moore14, where Nafion dried at 30°C contains SO3H, SO3-H3O+, and possibly SO3-H5O2+. 
Therefore, a distribution of states can cause the S-O symmetric stretch to broaden. When 
Nafion is hydrated, SO3- is more shielded from protonated water by other water 
molecules, which is a more uniform chemical environment, resulting in a narrower 
absorbance.  
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Figure 6.18. Deconvolution of the C-F and S-O stretching region of dry Nafion. 
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Figure 6.19. Deconvolution of the C-F and S-O stretching region of Nafion equilibrated 
at 100% RH. 
 
 
Time-resolved, normalized absorbance of the three deconvoluted peaks of Figures 6.18 
and 6.19 are shown in Figure 6.20 for an integral experiment of 0-100% RH water in 
Nafion. In Figure 6.20, the S-O absorbance of the sulfonate anion decreases because of 
dilution from water sorption, which contrasts with Figure 6.14 showing an integral 
experiment from 0 to 22% RH water in Nafion, where the S-O absorbance of the 
sulfonate anion increases because of the hydrolysis reaction. In other words, the 
hydrolysis reaction is significant at low water activity but is overshadowed by dilution at 
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high water activity. In Figure 6.20, the S-O symmetric stretching absorbance at 1060 cm-1 
decreased most rapidly, followed closely by the C-F absorbance at 1211 cm-1. The C-F 
absorbance at 1138 cm-1 decreases at a much slower rate than the other two peaks and is 
similar to the entire (convoluted) C-F doublet.  
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Figure 6.20. Transient results for an integral experiment from 0 to 100% RH water in 
Nafion for C-F at 1211 cm-1 (), C-F at 1138 cm-1 (),  S-O at 1060 cm-1 (), and the 
convoluted C-F doublet not deconvoluted (). Only every 5th data point is shown for 
clarity. 
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Since water associates most strongly with the sulfonate sites, the first water molecules to 
enter Nafion swell the sulfonate groups and decrease the concentration (absorbance). 
Next to be swollen are the ether groups that are spatially near the sulfonate groups and 
the next most hydrophilic functional groups (Figure 1.2). The C-F groups on the side 
chain (1211 cm-1) should be swollen and their absorbance decrease as the ionic domains 
swell. This swelling imposes a stress on the C-F groups of the backbone (matrix). Then, 
as the stress is dissipated through matrix relaxation, the concentration of the matrix (and 
the absorbance of the C-F groups in the backbone) will decrease. This agrees with the 
time-resolved absorbance of the deconvoluted peak at 1138 cm-1 shown in Figure 6.20. 
So the C-F peak at 1138 cm-1 is assigned to the C-F groups of the backbone and that at 
1211 cm-1 to C-F groups of the side chain. 
 
The swelling rate of the ether groups should fall between that of S-O and side chain C-F. 
Figure 6.21 shows deconvolution of the C-O-C doublet in dry Nafion and Figure 6.22 
shows hydrated Nafion (100% RH). In each figure, two Lorentzian peaks were used. The 
time-resolved absorbance of both C-O-C peaks is shown in Figure 6.23, along with the 
rates of S-O (1060 cm-1), C-S (823 cm-1), C-F (1138 cm-1 and 1211 cm-1), and the two 
states of water in the O-H stretching region inverted. It is apparent that all these 
functional groups are being swollen by water sorption. In fact, the S-O absorbance 
decrease mirrors the absorbance increase of water. The further from the highly 
hydrophilic chain end the slower the swelling is, because it is closer to the hydrophobic 
backbone and is being more hindered by polymer relaxation. Time-resolved 
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deconvoluted FTIR-ATR absorbance of Nafion functional groups has shown that the 
molecular structure affects the rate of polymer swelling, where swelling is caused by 
combined effects of dilution and relaxation. 
 
 
Figure 6.21. Deconvolution of the C-O-C doublet of dry Nafion. 
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Figure 6.22. Deconvolution of the C-O-C doublet of Nafion equilibrated at 100% RH. 
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Figure 6.23. Transient results for an experiment from 0 to 100% RH water in Nafion for 
C-O-C at 982 cm-1 (), C-O-C at 967 cm-1 (), C-S at 808 cm-1 (), S-O at 1060 cm-1 
(), inverted ionic hydration water at 3240 cm-1 (), inverted bulk-like water at 3475 
cm-1 (), C-F at 1213 cm-1 (), and C-F at 1141 cm-1 (). Only every 5th data point is 
shown for clarity. 
 
 
If the two C-F absorbances have similar extinction coefficients, then the same procedure 
used to calculate the fractions of two states of water in the O-H stretching region can be 
used again and yields approximately equal fractions of backbone and side chain C-F. The 
hydrophobic and hydrophilic fractions of Nafion have never before been reported. The 
monomer ratio is thought to be 1 hydrophilic to 7 hydrophobic.226 If, in Figure 1.2, n = 7 
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and z = 2 then the atomic mass fraction of backbone groups to side-chain groups is 0.57 
to 0.43, in agreement with the FTIR-ATR data. At equilibrium, the fraction from FTIR-
ATR of side chain C-F is 0.53 and the fraction of backbone C-F is 0.47. The fact that the 
chemistry and FTIR-ATR data indicate approximately equal ratios of hydrophilic and 
hydrophobic domains in Nafion is interesting. Such a high hydrophilic fraction supports 
some models that were previously discounted because of the high volume fraction of 
hydrophilic domains that were obtained upon regression of models to SAXS data, such as 
the polymer bundle model. FTIR-ATR spectroscopy provides definitive results 
concerning the molecular structure of Nafion and leaves the morphological view to be 
debated. The approximately equal fractions between hydrophilic (diffusion) and 
hydrophobic (relaxation) domains confirms the results from the diffusion-relaxation 
model analysis in Chapter 5.  
 
6.7. Conclusions 
Deconvolution of FTIR-ATR spectra provides the ability to measure the concentration of 
several states of water that are distinguished by their interaction with the ionic species, 
specifically the concentration of protonated water, ionic hydration water, and bulk-like 
water were all measured. Moreover, it was demonstrated that ionic hydration water is 
most important for Nafion proton conductivity. Deconvolution of time-resolved FTIR-
ATR absorbance provided more evidence for the mechanisms that cause non-Fickian 
diffusion of water in Nafion. At low humidity, all species involved in the hydrolysis 
reaction were identified and their rates shown to agree. In addition, the rate of dilution of 
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protonated water was the same as that of the ether groups of Nafion. Furthermore, the 
molecular structure of Nafion was shown to influence the rate of dilution when backbone 
relaxation was significant (in integral experiments from 0 to 100% RH). Finally, the 
fractions of hydrophilic (diffusion) and hydrophobic (relaxation) portions of Nafion were 
found to be similar, which supports the diffusion relaxation model and some previously 
rejected morphological models. 
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Chapter 7. Sulfonated Block Copolymers 
 
 
 
 
7.1. Introduction 
Many efforts to design new PEMs as alternatives to Nafion have been reported. In 
particular, sulfonated polymers have been investigated for their ionic character. 
Sulfonated polymers can be synthesized by either polymerizing sulfonated monomers or 
by sulfonating a polymer. Some key examples of sulfonated homopolymers include 
randomly sulfonated polystyrene (SPS),227 polyimides,228-230 polyphosphazenes,231 
polybenzimidazoles,232 poly(phenylene sulfone)s,233 poly(arylene ether)s,234 and 
sulfonated aromatic copolymers.235-238 In all of the aforementioned sulfonated 
membranes, the ionic nanostructures were not controlled. As discussed in the previous 
chapter, understanding the relationship between the morphology of PEMs and their 
molecular structure is crucial for controlling properties such as proton conductivity.  
 
Recently, nanostructured PEMs produced from block copolymers containing SPS have 
been studied.109,110,239-243 Phase incompatible block copolymers self-assemble into regular 
nanostructures. Depending on the volume fraction of each block, nanostructures 
including spheres, cylinders, co-continuous gyroids, and lamellae have been observed.244 
Furthermore, the molecular weight (size) of each block influences the characteristic size 
of the morphology.245,246 Moreover, because the mechanical properties of the two blocks 
can be controlled independently, the physical attributes (e.g., toughness) of the resultant 
materials can also be tuned. Studies on sulfonated block polymers, such as sulfonated PS-
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b-poly(ethylene-s-butene)-b-PS,239 sulfonated PS-b-polyisobutene(PIB)-b-PS,109,110,240 
poly(ethylene-s-styrene) with short alternating sulfonated PS segments,241 and 
poly(vinylidenedifluoride-hexafluoropropylene)-b-SPS242 have also indicated that the 
orientation of ionic domains in the PEM membrane could have a significant effect on the 
proton conductivity. For example, Park et al.243 studied a series of poly(methylbutylene) 
(PMB)-b-SPS diblock polymers and showed that the bicontinuous morphologies like 
gyroid or perforated lamellae benefited the proton conductivity. The domain sizes played 
a critical role in preventing membrane dehydration at high temperatures or low 
humidities, where domain sizes < 5 nm in the dry state exhibited increases in 
conductivity with increasing temperature up to 90°C. Therefore, the morphology in self-
assembled PEMs and the size of the ionic phase are critically important to achieve a 
material with high proton conductivity at high temperatures and low humidities; a key 
criteria of the hydrogen PEM fuel cell. Moreover, if the copolymer is crosslinked to resist 
swelling by methanol, then this may decrease methanol flux while maintaining a high 
proton conductivity, the goal for improving DMFC performance.  
 
In this work, new crosslinked PEMs with continuous ionic domains were designed so that 
ionic domain size could be controlled in order to examine the effect of domain size 
(morphology) on proton conductivity. In addition, crosslinking was used to control the 
amount of methanol swelling in these membranes in order to decrease methanol flux. The 
aim was to have narrow, connected ionic domains that maximized proton conductivity, 
while excluding methanol thereby minimizing methanol flux. 
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7.2. Experimental 
7.2.1. Membrane Preparation 
Poly(norbornenylethylstyrene-styrene)-poly(n-propyl-p-styrenesulfonate) (PNS-PSSP) 
membranes were supplied by Liang Chen of the Hillmyer group at the University of 
Minnesota. These were new crosslinked PEMs with a bicontinuous morphology of PNS 
(non-conducting tough phase) and sulfonated polystyrene (SPS) phase that provided 
proton conductivity. The domain size was controlled via the molecular weight of the 
block copolymer and the mechanical strength was tuned with the type of crosslinker that 
was used. The PNS-PSSP block copolymers were prepared by atom transfer radical 
polymerization (ATRP), where the chemical structure is shown in Figure 7.1. After 
polymerization, the block copolymer and a multifunctional crosslinking agent were 
solution cast and simultaneously crosslinked in situ. This yielded a co-continuous block 
copolymer precursor membrane that was converted into a PEM by hydrolyzing and then 
protonating the sulfonyl ether group in the SPS phase (Figure 7.1).  
 
 
Figure 7.1. Block copolymer chemical structure. 
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In previous work by Chen et al.,247 nanoporous membranes were synthesized using a 
PNS-polylactide (PLA) block copolymer containing a metathesis-reactive segment (PNS) 
and a chemically-etchable segment (PLA). The block copolymer was combined with 
dicyclopentadiene (DCPD) and a ruthenium-based metathesis catalyst in a suitable 
solvent to give robust nanostructured membranes upon casting, curing and drying. 
Removal of the PLA component from these membranes yielded nanoporous samples with 
bicontinuous morphologies.  
 
Here, a similar approach with PNS-PSSP as the doubly reactive block polymer and 
DCPD and/or cyclooctene (COE) as the metathesis reactive comonomers was used to 
produce nanophase-separated bicontinuous morphologies. PNS-PSSP and reactive 
monomers were dissolved in THF to give an optically homogeneous solution. Five 
crosslinked precursor films containing roughly 42 wt% PSSP were produced and 
converted into PEMs via hydrolyzation and protonation. 
 
The PEMs were characterized by the Minnesota group using transmission electron 
microscopy (TEM) and small angle X-ray scattering (SAXS) for the domain size, where 
both the ionic and non-ionic domains were of similar dimension and are reported in Table 
7.1. The two techniques are in good agreement and show a decrease in domain size with 
decreasing molecular weight. In addition, the ion exchange capacity (number of sulfonic 
acid groups per gram of polymer) was calculated based on the stoichiometry of the 
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reactants and measured independently with elemental analysis. Both techniques show an 
IEC for all membranes of ~2 mmol/g. 
 
Table 7.1. Summary of the PNS-PSSP properties. 
PSSA width (nm) IEC (mmol/g) Entryb MW 
(kg/mol) 
Crosslinker 
SAXSc TEMd Predictede Measuredf 
PEM1a PNS-PSSP 
(10-23) 
COE 18.7 19 2.00 1.98 
PEM2a PNS-PSSP 
(6-13) 
COE 10.8 11 2.12 2.06 
PEM3a PNS-PSSP 
(2-5) 
COE 6.6 7 1.99 1.93 
PEM4a PNS-PSSP 
(6-13) 
COE:DCPD 
1:1 
13.0 10 2.00 1.86 
PEM5a PNS-PSSP 
(6-13) 
DCPD 9.0 8 2.03 1.96 
b “a” indicates these membranes contain sulfonyl group in acid form. 
Estimated PSSA domain size: cfrom SAXS analysis and dfrom TEM micrographs, ±1 nm. 
Moles of sulfonic acid per gram of sample: ecalculated based on the PSSA content and 
fdetermined by elemental analysis. 
 
 
The membranes crosslinked with DCPD had stronger mechanical properties than those 
crosslinked with COE, shown in Table 7.2 are the mechanical properties for the precursor 
membranes (before they were converted to the acid form). We hypothesize that some of 
the increase in mechanical properties and decrease in swelling (Table 7.3) is due to a 
greater degree of crosslinking induced by the DCPD monomer. The difference could also 
be related to the strength of the DCPD crosslinks as compared to the COE crosslinks. At 
this time, the cause of DCPD crosslinked membranes being stronger is not clear. 
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Table 7.2. Mechanical properties of the precursor membranes. 
Entry Young’s modulus (MPa) Tensile strength (MPa) Elongation at break (%) 
PEM1e 280 22 176 
PEM2e 320 23 149 
PEM3e 380 20 69 
PEM4e 500 28 124 
PEM5e 950 35 13 
“e” indicates that these precursor membranes contain sulfonyl group in ester form. 
PNS-PSSP and Nafion (control) samples ~2.5 x 2.5 cm in size were used for two-
electrode (through-plane) proton conductivity and methanol permeability experiments, 
while samples ~3 x 0.5 cm were used for swelling and four-electrode (in-plane) proton 
conductivity experiments.  
 
7.2.2. Proton Conductivity 
The proton conductivity of each sample was measured with electrochemical impedance 
spectroscopy. Two-electrode proton conductivity experiments consisted of measuring the 
resistance of the membrane perpendicular to the plane of the membrane (referred to as 
through-plane) by sandwiching the films between two 1.22 cm2 stainless steel blocking 
electrodes. All membranes were immersed in RO water for at least one week prior to 
impedance measurements. Conductivity values for each sample reported in this study are 
an average of at least two experiments. Wet membrane thickness (used in the 
conductivity calculation) was measured after re-immersing each membrane in water. 
Through-plane conductivity, 
€ 
σ⊥, was calculated by equation 2.2. 
 
Four-electrode proton conductivity experiments consisted of measuring the resistance of 
the membrane along the plane of the membrane (referred to as in-plane), where the 
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resistance was measured between two inner reference electrodes (~1 cm apart) and 
current applied to the outer electrodes (~3 cm apart) on the surface of the membrane. All 
membranes were immersed in RO water for more than one week prior to being placed in 
a custom-made four-electrode cell, which applied the appropriate pressure between 
electrodes and the membrane. Experiments were conducted as a function of temperature 
(ramping up and down in temperature: 30, 40, 60, 80, 70, 50, 30oC) at two fixed relative 
humidities: 90 and 50% RH. At least 10 equilibrium measurements were collected for 
each sample at each temperature and relative humidity. The in-plane conductivity values 
reported are the average of these multiple measurements and repeated experiments. The 
in-plane proton conductivity, 
€ 
σ || , was calculated by equation 2.11. Thicknesses for 
conductivity experiments were measured directly after each experiment.  
 
In this study, impedance measurements with the two-electrode technique were collected 
at high frequency, for the reasons discussed in Chapter 2. The two-electrode technique is 
of great importance as it measures the membrane impedance in the same direction as 
methanol transport, which is the direction that is relevant for the direct methanol fuel cell. 
Also, the values reported here give a magnitude of conductivity required to obtain an 
adequate voltage response from a direct methanol fuel cell. It is important to note that 
other investigators have observed an order of magnitude difference (higher) when 
comparing in-plane to through-plane conductivity for anisotropic sulfonated block 
copolymers (with lamellar morphology with a preferred orientation in the plane of the 
membrane). Therefore, great caution should be taken when interpreting conductivity 
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results since numerous publications have reported misleading selectivities (proton 
conductivity/methanol permeability) with four-electrode conductivity measurements on 
anisotropic membranes. Although isotropic morphologies were observed in the 
crosslinked diblock copolymers, only through-plane conductivity measurements were 
compared to methanol permeability in this study.  
 
7.2.3. Methanol Permeability 
All experiments were conducted at 25.0 ± 0.1°C at an up-stream (donor) methanol 
concentration of 2 M and all samples were saturated in liquid water prior to each 
experiment. The permeability was determined from the slope of the early time data 
(down-stream methanol concentration versus time). Thicknesses for permeability 
experiments were measured directly after each experiment. More detail is described in 
Chapter 2. 
 
7.2.4. Water Sorption and Swelling 
Water sorption (uptake) was measured according to the procedure in Chapter 2. All 
sample weights and dimensions were measured for both dry and water-saturated 
conditions (immersed in liquid water for 3 weeks). Changes were calculated on a dry 
basis, where weight uptake was determined by equation 2.4 and swelling (e.g., thickness 
change) was determined by equation 2.5. For thickness measurements, ~5-10 readings at 
different positions on the membrane were collected, while width and length 
measurements consisted of five and three readings, respectively, at different positions. A 
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minimum of two of each sample was used for each sorption and swelling measurement. 
These changes in weights and dimensions from dry to water-saturated states are listed in 
Table 7.3, where the average and standard deviation of all the measurements (different 
positions and samples) are reported. The thickness used to calculate other values, such as 
conductivity and permeability, was only that of the specific membrane of the experiment.  
 
Table 7.3. Water sorption and swelling. 
Swelling 
Sample 
Dry 
Thick-
ness 
(µm) 
Thick-
ness 
(%) 
Width 
(%) 
Length 
(%) 
Volume 
(%) 
Water 
Uptake 
(%) 
λ 
(mol(H2O)/ 
mol(SO3H)) 
PEM1a 335 ± 32 30 ± 4 26 ±0.4 28 ± 1 108 ± 6 118 ± 4 33 ± 1 
PEM2a 243 ± 44 21 ± 5 20 ± 3 19 ± 1 68 ± 7 73 ± 12 21 ± 4 
PEM3a 195 ± 16 21 ± 2 21 ± 5 18 ± 6 77 ± 1 78 ± 5 22 ± 1 
PEM4a 184 ± 28 26 ± 3 19 ± 1 19 ±0.1 78 ± 3 73 ± 2 20.1 ±0.4 
PEM5a 233 ± 21 21 ± 2 11 ± 1 11 ± 1 48 ±0.3 42 ±0.4 11.5 ±0.1 
Nafion 
117 180 ± 2 20 ±1.1 16 ±1.7 19 ±1.4 65 ± 2 34 ±0.4 20.8 ±0.2 
 
 
7.3. Results 
Table 7.3 lists the water sorption and swelling of each sample. The dimensional swelling 
for PEM1a, 2a, 3a, and 4a all appear to swell equally in all dimensions similar to Nafion. 
This result corroborates with the isotropic morphology measured by SAXS and TEM. 
However, the lateral swelling in PEM5a was half of the thickness change suggesting that 
the different type of crosslinker used in this sample may cause anisotropic swelling in 
water. PEM2a, 3a, and 4a all have similar volume swelling and normalized water uptake 
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(λ (mol(H2O)/mol(SO3H))) compared to Nafion. It is important to note that although the 
water uptake in these samples is double that of Nafion, so are their IEC values. Therefore, 
λ (a normalized water uptake) is a better measure of water gain when comparing 
polymers of different ion contents. Typically, polymers with IEC double that of Nafion 
result in much higher λ values than what is reported here. For example, other 
investigators report water uptake in excess of 350 wt% (λ~100) for a sulfonated triblock 
copolymer with a similar IEC (~2 mmol/g).9 However, the crosslinking in these 
sulfonated diblock copolymers results in modest water uptake at high IEC. A higher 
volumetric swelling and water gain was measured for PEM1a, which has higher 
molecular weight and larger ionic domain size, while lower volumetric swelling and 
water gain (λ < 12) was measured for PEM5a, which has a different crosslinker and 
lowest ionic domain size. For fuel cell applications, low volumetric swelling is desirable 
for long-term operational stability, where wet-dry cycling can occur in confined 
arrangements.   
 
It is important to note that the dry thicknesses reported in Table 7.3 for each sample is the 
average of not only thickness measurements at different positions on one sample, but also 
measurements taken on different pieces of the same sample. The error is the standard 
deviation of all these measurements, where a higher error (~10%) measured in the 
crosslinked diblock copolymer samples compared to Nafion (~1%) was probably a result 
of the solution casting technique compared to commercial extrusion technique.  
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Figure 7.2. Two-electrode (through-plane) proton conductivityof Nafion (), PEM01a 
(), PEM02a (), PEM03a (), PEM04a (), and PEM05a () as a function of water 
content. All measurements were collected at room temperature on samples equilibrated in 
liquid water. 
 
 
Figure 7.2 shows the through-plane conductivity for all samples as a function of water 
content. All samples have similar conductivities compared to Nafion. Interestingly, the 
conductivity for the crosslinked sulfonated diblock copolymers is relatively independent 
of water content. This is contrary to what has typically been observed for sulfonated 
polymers where conductivity has been shown to be strongly dependent on water 
content.52,240,248 For example, previous results on sulfonated triblock copolymers at 
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similar λ to Nafion resulted in conductivities an order of magnitude lower than Nafion, 
while at λ similar to the PEM5a sample reported here resulted in conductivities several 
orders of magnitude lower than Nafion.240 
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Figure 7.3. Two-electrode (through-plane) proton conductivity and methanol 
permeability of Nafion (), PEM01a (), PEM02a (), PEM03a (), PEM04a (), 
and PEM05a (). 
 
 
Figure 7.3 shows measured methanol permeabilities for all samples plotted with through-
plane proton conductivity. Again, something unusual was observed in these crosslinked 
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diblock copolymers, where methanol permeability differed significantly among samples 
with relatively similar proton conductivities. This is contrary to what has been observed 
in most studies on sulfonic acid containing polymers, where methanol permeability and 
proton conductivity typically increase or decrease in unison.249 Therefore the results in 
Figure 7.3 are quite unusual, where the methanol permeability measured for PEM5a was 
four-fold lower than Nafion 117. Also, in contrast to the trend in water uptake, the 
methanol permeability decreases with increasing molecular weight, where PEM1a has a 
lower permeability compared to PEM2a and 3a. But, PEM1a, 2a, and 3a all have 
permeabilities higher than Nafion, where PEM4a and 5a (both with DCPD crosslinker) 
have significantly lower permeabilities compared to Nafion. 
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Figure 7.4. Selectivity (proton conductivity/methanol permeability) versus through-plane 
proton conductivity for Nafion (), PEM01a (), PEM02a (),PEM03a (), PEM04a 
(), and PEM05a (). 
 
 
It is important to note that methanol permeability is a product of two key properties: 
methanol sorption and methanol diffusivity. Results in Chapter 3 show that the main 
contributing factor to the increase in methanol permeability (or flux) through Nafion with 
increasing methanol solution concentration was methanol sorption and not methanol 
diffusion. For this study, this suggests that the DCPD crosslinker may be more 
chemically selective for water over methanol compared to the COE crosslinker or the 
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increased crossliking with DCPD (evidenced by lower λ in PEM5a) lowers methanol flux 
while maintaining high proton conductivity. However, the actual mechanism that results 
in a decoupled trend between proton conductivity and methanol permeability in 
crosslinked sulfonated diblock copolymers is still unclear at this point. This decoupled 
trend is further illustrated in Figure 7.4, where the selectivity (proton 
conductivity/methanol permeability) changes significantly, while the proton conductivity 
remains relatively constant. More specifically, similar selectivities (proton 
conductivity/methanol permeability) have been observed in most sulfonic acid containing 
polymers regardless of ion content, water content, polymer chemistry, architecture, or 
morphology.249 Polymer membranes with conductivities similar to Nafion and higher 
selectivities are desired for improved direct methanol fuel cell performance. 
 
Figures 7.5 and 7.6 show the in-plane (four-electrode) proton conductivity for all samples 
as a function of temperature at a fixed relative humidity of 90% RH. The differences in 
proton conductivity between samples are slightly more significant than the through-plane 
conductivities. This may be attributed to the different environment (water vapor), which 
would result in different water contents in each sample compared to the liquid water 
saturated condition used in the through-plane conductivity measurements. Figure 7.5 
shows the effect of molecular weight, where conductivity increases at all temperatures 
with decreasing molecular weight, where PEM3a has an almost identical conductivity 
compared to Nafion at all temperatures. PEM1a, 2a, and 3a all show a similar 
temperature dependence on conductivity compared to Nafion at 90% RH. Figure 7.6 
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shows the effect of crosslinker. At low temperatures (30 and 40°C), PEM2a, 4a, 5a all 
have similar conductivities; approximately half of the conductivity of Nafion. However, 
at higher temperature (80°C), the conductivity of PEM4a and 5a is similar to Nafion. In 
other words, the conductivity of PEM4a and 5a (with DCPD crosslinker) has a different 
depedence on temperature than the other samples.  
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Figure 7.5. Four-electrode (in-plane) proton conductivity versus temperature at 90% RH 
for Nafion (), PEM01a (), PEM02a (), and PEM03a (). 
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Figure 7.6. Four-electrode (in-plane) proton conductivity versus temperature at 90% RH 
for Nafion (), PEM02a (), PEM04a (), and PEM05a (). 
 
 
Quantitatively, this temperature dependence can be seen more clearly in Table 7.4, where 
activation energies were calculated from a regression of the data in Figures 7.5 and 7.6 to 
an Arrhenius model. Table 7.4 shows that PEM1a, 2a, and 3a have approximately the 
same activation energy as Nafion at 90% RH, while PEM4a and 05a have nearly a two-
fold higher activation energy for proton conductivity. This suggests that at high humidity, 
the DCPD crosslinker has a significantly different effect than the COE crosslinker on 
proton conductivity at higher temperatures. It is important to note that the activation 
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energy of Nafion 117 measured in this study (10 ± 2 kJ/mol at 90% RH) agrees well 
literature values: 11.35 kJ/mol,109 9.6 kJ/mol,250 7.8 kJ/mol,40 and 13.5 kJ/mol.38 
 
Table 7.4. Activation Energies. 
Sample EA (@ 90% RH) (kJ/mol) 
EA (@ 50% RH) 
(kJ/mol) 
PEM01a 12 ± 5 10 ± 1 
PEM02a 13 ± 2 18 ± 2 
PEM03a 14 ± 3 24 ± 21 
PEM04a 25 17 
PEM05a 23 31 
Nafion 117 10 ± 2 24 ± 4 
 
 
Figures 7.7 and 7.8 show the in-plane (four-electrode) proton conductivity for all samples 
as a function of temperature at a lower fixed relative humidity of 50% RH. Figure 7.7 
shows the effect of molecular weight on conductivity. Similar to 90% RH data, PEM1a 
(highest molecular weight) is lower in conductivity compared to PEM2a and both are 
lower in conductivity compared to Nafion. Also, listed in Table 7.4, the activation energy 
for PEM1a remains relatively unchanged compared to the 90% RH data, while the 
activation energy for PEM2a and Nafion are similar and both increase to ~20 kJ/mol. 
Contrary to the 90% RH data, PEM3a has a lower conductivity when compared to Nafion 
and appears to have an irregular temperature dependence with a poor regression to the 
Arrhenius model, shown in Figure 7.7. Figure 7.8 shows the effect of crosslinker on 
conductivity. At 50% RH, PEM2a, 4a, and 5a all have conductivities lower than Nafion 
at all temperatures. Unlike the 90% RH data, the conductivity of PEM4a and 5a at 50% 
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RH do not have conductivities similar to Nafion at higher temperatures. Similar to 
PEM3a, the PEM4a and 5a samples also have an irregular dependence on temperature 
evidenced by poor regressions to the Arrhenius model. Interestingly, PEM3a, 4a, and 5a 
all have the smallest ionic domain size as measured by TEM. 
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Figure 7.7. Four-electrode (in-plane) proton conductivity versus temperature at 50% RH 
for Nafion (), PEM01a (), PEM02a (), and PEM03a (). 
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Figure 7.8. Four-electrode (in-plane) proton conductivity versus temperature at 50% RH 
for Nafion (), PEM02a (), PEM04a (), and PEM05a (). 
 
 
Similar to the results observed in Figure 7.2, the results in Figures 7.5-7.8 further suggest 
that crosslinked sulfonated block copolymers have different proton conductivity-water 
content relationships when compared to other sulfonated polymers.240 This may be 
attributed to crosslinking resulting in different water contents at given IECs, or different 
morphologies at different water contents, or crosslinking traping the system in a non-
equilibrium state.    
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Figure 7.9. Four-electrode (in-plane) proton conductivity versus domain size at 90% RH 
for Nafion (,), PEM01 (,), PEM02 (,), PEM03 (,), PEM04 (,), and 
PEM05 (,), where open and closed symbols correspond to 80°C and 30°C, 
respectively. 
 
 
Figure 7.9 shows the in-plane conductivity at 90% RH at both 30oC and 80oC for all 
samples as a function of the ionic domain size as measured by TEM. Caution should be 
taken when interpreting these results as the domain sizes were measured for dry samples 
and conductivity values were measured on samples equilibrated under humid conditions. 
The domain size for Nafion in Figure 7.9 was obtained from literature, which was also 
calculated from TEM results.251 However, it is interesting to note that at both 
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temperatures, proton conductivity appears to increase with decreasing ionic domain size. 
Similar results have been observed in the literature for nanopore-filled membranes, where 
the pores were filled with crosslinked grafted polyelectrolytes and proton conductivities 
in these membranes increased significantly with decreasing pore size (particularly as the 
pores approached 10 nm).252 Balsara and coworkers243 have also observed increased 
conductivities in sulfonated block copolymers with ionic domain sizes less than 5 nm. 
 
7.4. Conclusions 
Novel PEMs from PNS-PSSP block copolymers were crosslinked with reactive cyclic 
olefins. Continuous PSSA (ionic) domains conducted protons while crosslinked PNS 
domains provided mechanical strength. Proton conductivity and methanol permeability of 
the PEMs was studied. PSSA domain size was tuned by the copolymer molecular weight, 
and conductivity was found to increase with decreasing domain size. Moreover, PEMs 
crosslinked with DCPD showed much lower methanol sorption, swelling, and permeation 
than Nafion while maintaining high-saturated proton conductivities. This is a significant 
result, since many previous studies have found that the trends in methanol crossover and 
proton conductivity are coupled in PEMs. The decoupling was a combined effect of 
crosslinking, which trapped the polymer in a non-equilibrium state thereby minimizing 
methanol swelling, and nano-scale ionic domain size, that maintained high proton 
conductivity, perhaps by maximizing ionic hydration water content. This work validates 
the finding in Chapter 3: that decreasing methanol swelling is the key to reducing 
methanol crossover in PEMs. It also supports the conclusion of Chapter 6: that 
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maximizing ionic hydration water content is important to maintain high proton 
conductivity with low water contents. 
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Chapter 8. Conclusions 
 
 
 
 
8.1. Summary 
This work demonstrated the use of time-resolved FTIR-ATR spectroscopy to measure 
solvent transport in PEMs such as Nafion. The ability to measure real-time molecular 
information within a polymer provides an ability to explore fundamental transport 
mechanisms in PEMs. Time-resolved FTIR-ATR spectroscopy measures mutual 
diffusion coefficients in the presence of a concentration gradient as well as in situ 
concentration simultaneously. Not only can multicomponent diffusion effects (the effect 
of one diffusant’s concentration gradient on the flux of another diffusant) be measured 
directly, but also multicomponent sorption can be measured simultaneously. In addition 
to measuring molecular changes in the diffusant/polymer system, this technique can also 
measure intermolecular interactions between diffusant and polymer through shifts in the 
infrared spectra. 
 
In this work, both methanol and water diffusion and sorption were measured as a function 
of methanol concentration and water activity. Methanol flux through Nafion was found to 
increase orders of magnitude with increasing methanol concentration and the main cause 
was determined to be methanol sorption. Because multicomponent diffusion and 
concentration could both be measured it was possible to calculate the flux of methanol, 
water and protons (from conductivity), which allowed selectivity to be calculated. 
Selectivity analysis supported the finding that the chemical selectivity of Nafion for 
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methanol over water and protons is the cause for high methanol crossover at high 
methanol concentration. This was the first time it was quantitatively shown that methanol 
sorption in Nafion must be reduced (while maintaining proton conductivity) in order to 
improve DMFC performance. Crosslinked sulfonated block copolymers were 
investigated for their ability to resist methanol sorption by maintaining a non-equilibrium 
(non-swollen) state. The best of these PEMs showed decreased methanol permeability 
with similar proton conductivity as compared to Nafion. It would be of interest to 
optimize this membrane and perform DMFC tests to prove whether the performance 
improves at higher methanol concentrations. 
 
Sorption and diffusion of water in Nafion was measured as a function of water activity (at 
various concentration gradients) and flow rate. Fickian behavior was observed at 
moderate activity with moderate concentration gradients and high flow rates. Low flow 
rates resulted in vapor phase mass transfer dominating transport, resulting in apparent 
diffusion coefficients as much as an order of magnitude lower than at high flow rates, 
when a mass transfer limited boundary condition was not considered. Low water activity 
resulted in non-Fickian diffusion, where spectroscopic evidence suggested a hydrolysis 
reaction between water and sulfonic acid and a diffusion-reaction model successfully 
captured this non-Fickian behavior. Finally, large concentration gradients to high water 
activity resulted in a distinctly different type of non-Fickian behavior. Polymer 
(backbone) relaxation was discovered in the time-resolved data and modeled. When 
combined with the diffusion model, a diffusion-relaxation model was able to account for 
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the observed non-Fickian dynamics. Not only do these models provide more accurate 
diffusion coefficients, but they also reveal the physical underpinnings of the transport 
mechanisms of water in Nafion. 
 
For application to the hydrogen fuel cell, states of water in Nafion were determined by 
deconvoluting Nafion spectra equilibrated at different water activities. Using gravimetric 
sorption and dilation experiments, the equilibrium FTIR-ATR data was calibrated to find 
the concentration of each state of water in Nafion at each activity. When compared to 
conductivity at the same activity, the effect of each state of water on Nafion proton 
conductivity was determined. To improve PEM conductivity (and therefore hydrogen 
fuel cell performance) in hot dry conditions a PEM with maximal ionic hydration water 
and minimal, but continuous, ionic domain size is ideal.  
 
8.2. Future Studies 
Future studies using this technique on PEMs could provide insights into other 
electrochemical applications, such as actuators and electrodialysis. For instance, a 
combined FTIR-ATR and conductivity experiment would provide the opportunity to 
examine transport in the presence of a concentration gradient and an electrostatic 
gradient, which is relevant for electrochemical applications. 
 
The work on PEMs for the DMFC could be extended to other sulfonated block 
copolymers, such as pentablocks that provide physical crosslinking, rather than the 
 257 
covalent crosslinking that was studied. Such a system, since it could be in an equilibrium 
state, might allow more insight into the fundamental mechanisms behind the improved 
performance of the crosslinked sulfonated block copolymers. In addition, the pentablock 
copolymers provide additional tuning parameters for designing a PEM for the DMFC. 
 
The work on water in Nafion can be extended to many fields. Water in polymers is an 
extensive topic relevant to water purification, food and beverage packaging, and other 
barrier applications. Poly(lactic acid) is a biodegradable polymer from natural, renewable 
feed stock with potential for packaging of edible consumables. However, the flux of 
water through PLA is too high to be commercially competitive. Understanding the 
molecular interactions between the polymer chains (i.e. packing and crystallization) and 
between water and the polymer (i.e. states of water) would aid in modifying PLA to 
decrease the flux of water. In particular, determining the relative contributions of sorption 
and diffusion to water flux through PLA would be beneficial. Preliminary results show 
that water diffusion in PLA is Fickian in vapor conditions but non-Fickian in liquid 
conditions (the reverse of Nafion, see Appendix A). Perhaps this is related to there being 
a threshold stress that solvent sorption must induce in order for polymer relaxation to 
occur. It would be interesting to determine if PLA relaxation could be measured 
simultaneously with diffusion and modeled in a similar manner to Chapter 5.  
 
Implantable electronic devices, such as optical implants for macular degeneration, must 
remain dry (sealed from the environment of the body), but also require flexibility and 
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optical clarity, which current barriers cannot provide. Polyparylene is being investigated 
as a barrier coating for implantable electronic devices because it is transparent, its 
thickness can be carefully controlled, and it can be deposited on any geometry via 
chemical vapor deposition (CVD). However, the barrier effectiveness of this material is 
not known. Preliminary FTIR-ATR results measured polymer relaxation on the same 
time scale as diffusion. More thorough examination of this problem, especially with 
regard to the effect of processing conditions would be of interest.  
 
Finally, true multicomponent diffusion is relevant to small molecule transport in 
polymers, especially for applications such as separations. Liquid phase multicomponent 
transport in polymers is not well understood because there are more molecular 
interactions than in gas systems. Time-resolved FTIR-ATR spectroscopy is an ideal 
technique for investigating liquid phase multicomponent diffusion in polymers because 
the concentration (sorption) and change in concentration with time (diffusion) of all 
components can be measured simultaneously with one experiment. Moreover, molecular 
interactions can also be measured. Such a matrix of information would be extremely 
useful to test multicomponent diffusion models. 
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Appendix A. Kinetic Schroeder’s Paradox 
 
 
 
 
Schroeder discovered that some polymers take up less solvent from the vapor phase than 
from the liquid phase.31 This is true for Nafion, where the λ = 14 mol(H2O)/mol(SO3H) 
when equilibrated with pure water vapor, and λ = 22 mol(H2O)/mol(SO3H) when 
equilibrated with liquid water. Recent work has shown that, given enough time and 
assuming no condensation occurs, λ = 22 for Nafion equilibrated in pure water vapor 
with proper pretreatment conditions.32 Even if this is the case, there remains a kinetic 
paradox, in that the diffusion coefficient of integral experiments to 100% RH water in 
Nafion is 7.5 ± 1.4 x 10-7 cm2/s, while the diffusion coefficient of integral experiments to 
liquid water in Nafion is 4.9 ± 2.3 x 10-6 cm2/s. The rate of diffusion should be a function 
only of the diffusion coefficient and the activity gradient, where the activity of pure water 
vapor and liquid are equal at a value of one, despite having ~4 orders of magnitude 
difference in concentration. Vapor phase mass transfer resistance would cause an 
apparent difference between vapor and liquid diffusion, but was avoided in this work 
using high vapor flow rates. Transport limiting polymer relaxation (which can be a 
function of concentration as opposed to activity) could cause the apparent paradox, but 
was measured and accounted for with a diffusion-relaxation model in integral 
experiments to 100% RH water in Nafion. The integral experiments to liquid water in 
Nafion showed no evidence for polymer relaxation limiting water transport, and the time-
resolved O-H stretching absorbance of these experiments were regressed well by the 
Fickian diffusion model, equation 1.42.  
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Figure A.1 shows the integrated O-H stretching absorbance of a sequence of integral and 
differential experiments of water diffusion in Nafion. First, an integral experiment to 
liquid water in Nafion is shown from 0 to 3670 s. This was followed by a differential 
desorption experiment from Nafion equilibrated in liquid water (at 3670 s) to 
equilibration at 100% RH (at 35700 s). Finally, a differential experiment from 100% RH 
(at 35700 s) to liquid water in Nafion (at 37500s) is shown. When dry Nafion is exposed 
to liquid water, there is a rapid increase of the O-H stretching absorbance of water in 
Nafion, on a time-scale similar to the liquid counter diffusion experiments of Chapter 3. 
During the differential desorption experiment from liquid to 100% RH water in Nafion in 
Figure A.1, the desorption rate is significantly slower than the sorption rate. In the final 
differential sorption step of 100% RH to liquid water in Nafion, the diffusion coefficient 
is 5.0 x 10-6 cm2/s, which is similar to the integral step to liquid water in Nafion. This 
data suggests not only that there is a distinct difference in the concentrations of water in 
Nafion when equilibrated with two different phases of water, but also that the final 
equilibrium phase of water affects the rate of diffusion. Figure A.2 shows the kinetic 
paradox, where two integral experiments, one to 100% RH water in Nafion and the other 
to liquid water in Nafion, are shown. 
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Figure A.1. Time-resolved O-H stretching absorbance for combined integral and 
differential experiments from 0% RH to liquid to 100% RH to liquid water in Nafion. 
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Figure A.2. Normalized absorbance of the O-H stretching region for integral experiments 
of liquid () and 100% RH () water diffusion in dry Nafion. 
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This data contradicts recent results that found equal water sorption in liquid and vapor 
conditions when the membranes had the same pretreatment history. All experiments 
presented in this appendix were performed on the same membrane, and, in addition to 
demonstrating Schroeder’s paradox, show a kinetic paradox, where water diffusion in 
Nafion is significantly faster in liquid conditions than it is in vapor conditions. Although 
vapor phase mass transfer resistance has been avoided and polymer relaxation has been 
considered in this work, other authors have referred to a reorganization of the surface of 
Nafion, where it is highly hydrophobic in vapor conditions, which prevents water 
molecules from adsorbing on the surface, but it rearranges in liquid conditions to expose 
sulfonic acid groups, which opens the ionic domains to water transport.123 There is an 
additional pressure head from having liquid water on the membrane. Future work that 
incorporates a pressure driving force into the constitutive equation would be of interest. 
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Appendix B. Multicomponent Diffusion 
 
 
 
 
Multicomponent diffusion of methanol into hydrated Nafion with simultaneous counter 
diffusion of water was investigated with time-resolved FTIR-ATR spectroscopy, and the 
normalized water and methanol absorbance values as a function of time were regressed to 
several models. The coupled continuity equations for water and methanol counter 
diffusion in Nafion are:253 
€ 
∂CM
∂t =DMM
∂2CM
∂z2 + DMW
∂2CW
∂z2  (B.1) 
€ 
∂CW
∂t =DWW
∂2CW
∂z2 + DWM
∂2CM
∂z2  (B.2) 
where CM and CW are the concentrations of methanol and water, respectively, and DMM 
and DWW are called main terms, tend to be similar to the effective pseudo-binary 
diffusion coefficient, and capture the dependence of the diffusion of each component on 
its own concentration gradient. DMW and DWM are called the cross terms and account for 
the dependence of the diffusion of each component on the concentration gradient of the 
other component.  
 
A four-parameter analytical model, developed by Cussler254 and applied to time-resolved 
FTIR-ATR data by Hong and Barbari,255 was investigated. This model algebraically 
converted the four parameter problem into a pseudo-binary one (using equilibrium 
concentrations) and, for this reason, the physical meaning of the diffusion coefficients 
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was not clear. Therefore, a numerical model based on the coupled continuity equations 
was developed. This model proved useful in evaluating the accuracy of the analytical 
multicomponent model, which agreed with the numerical multicomponent model when 
the cross terms were small (less than 10% of the main terms). The numerical model was 
also used to compare multicomponent diffusion to pseudo-binary Fickian diffusion as a 
function of the cross term diffusion coefficients. When the cross terms were at least an 
order of magnitude less than the main term diffusion coefficients, the multicomponent 
model and pseudo-binary model, equation 1.42, agreed.  
 
Regressions with the numerical multicomponent model were cumbersome (slow) and 
instability in the non-linear regression occasionally occurred. Monroe and Newman256 
explained that the two cross terms are equal when the partial molar volumes of the two 
component are equal. Therefore, the numerical model was regressed to the data sets of 
water and methanol counter diffusion in Nafion at several bulk methanol concentrations 
(0.1, 1, 2, 4, 8, and 16 M) using three fitting parameters, DMM, DWW, and DMW = DWM. As 
explained in Chapter 3, methanol C-O stretching absorbance at 1016 cm-1 and water H-O-
H bending absorbance at 1630 cm-1 were measured as a function of time. An experiment 
of 4 M methanol diffusion in hydrated Nafion is shown in Figure B.1. The solid lines are 
a regression to the numerical model using three parameters. The regression used the 
diffusion coefficients of methanol, DMM, water, DWW, and the cross term, DMW = DWM, as 
adjustable parameters to minimize the error between the model and the two data sets. 
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Figure B.1. Normalized time-resolved absorbance of methanol C-O stretching (1016 cm-
1, ) and water H-O-H bending (1630 cm-1, ) regressed to the three-parameter 
numerical multicomponent diffusion model. Solid lines are the model regression results. 
 
 
The results of these regressions are presented in Figure B.2 as a function of bulk 
methanol concentration. For comparison, the effective Fickian diffusion coefficients from 
Chapter 3 are also shown. At all concentrations, the main term diffusion coefficients are 
similar but slightly less than the pseudo-binary diffusion coefficients from Chapter 3. As 
the methanol concentration approaches an equimolar concentration, the multicomponent 
effect (magnitude of the cross term) increases but remains significantly less than both 
main term diffusion coefficients. It is reasonable that near an equimolar methanol water 
concentration the effect of the concentration gradient of each component on the diffusion 
of the other component is more significant, because both gradients are larger and both 
components have a greater probability of interacting with the other component. Even so, 
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the error from modeling methanol and water counter diffusion in Nafion with a pseudo-
binary Fickian diffusion model is small and multicomponent effects can therefore be 
neglected. 
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Figure B.2. For counter diffusion of methanol into and water out of Nafion as a function 
of bulk methanol concentration: effective pseudo-binary diffusion coefficients of 
methanol, DM (), and water, DW (), as well as multicomponent diffusion coefficients 
of methanol, DMM (), water, DWW (), and the cross term, DMW = DWM (). 
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